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PREFACE 


Kinetic investigations followed by postulation of reaction 
mechanisms are of immense value in understanding and systematiz- 
ing of a wide variety of chemical reactions . The purpose of 
work embodied in the thesis is to obtain a better understanding 
of ligand substitution reactions in general and sxibstitution 
reactions on Fe(lll), Mn(IIl) and Pd(II) metal centres in parti- 
cular. The ligands chosen for this investigation are the poly- 
dentate ligands e.g. polyaminocarboxylates and the displacing 
species are the monodentate cyanide ions. The presentation is 
divided in five chapters . 

Chapter I is introductory. It comprises of a survey of the 
general features of ligand substitution reactions with particular 
emphasis on substitution reactions on Fe(III), Mn(IIl) and Pd(Il) 
complexes. A brief treatment is also given to the importance and 
applications of ligand substitution reactions in various branches 
of chemistry. 

The kinetics and mechanism of substitution reactions on the 

aminopolycarboxylatoferrate (III) complexes by the cyanide ions 

have been reported in chapter II . The aminocarboxylates chosen 

are HPDTa"^"* (2-hydroxy 1 , 3-diaminopropanetetraacetate anion) 

2 — 

and HIDA ^ (hydroxyethyl) iminodiacetate anion. The reactions 
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have been followed spectrophotometrically at 395 nm of 

[Pe(CN)^OH]^ ) in presence of excess cyanide ions at 25 + 0.1°C# 
pH = 10.5 + 0.02 and I = 0.25M (NaClO^) for HPDTa'^"’, and at 
25 + 0.1°C, pH = 9,5 + 0.02 and I = O.IM (NaClO^) for HIDA^” 
systems , A detailed investigation shows that three reactions 
are occuring in this reaction system. 

(1) Formation of [pe (CN) ^0 h]^~ and from [PeL (OH) 

(2) conversion of [Pe (CN) ^Oh]^” to [Fe(CN)g]^'' 

(3) Reduction of [Fe(CN)g]^~ to [pe (CN) ^ by the ligands 
released in the first stage. 

A variable order dependence in cyanide in the forward 
reaction and an inverse— first— order dependence in cyanide, during 
the reverse reaction makes it possible to pin point the rate- 
determining step as the penultimate one in a five step mechanism. 
Activation parameters (both for forward and reverse reaction) , 
effect of pH and ionic strength on the forward rate constants 
have been used to support the proposed mechanism given from 
equation (1—5) . In subsequent narration the polydentate ligands 
will be represented by . 
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[FeL(0H)]^~^ + 

0 

1 

A 

p 

V 

[FeL(OH) (CN) ^ fast 

( 1 ) 

[FeL(OH) (CN) + 

^2 

CN =-^ 

[FeL(OH) (CN)2]^~ fast 

( 2 ) 

[PeL(OH) (CN)2 + 

^3 

r*H - 

(n+l)— ^ . 

[FeL(OH) (CN)^] 

(3) 



[FeL(OH) (CN) 2 ] 

+ CN~ 

■"^-4 

[PeL(OH) (CN)^] r.d.s 

(4) 

[FeL(OH) (CN)^] 

+ CN ^ 

[Fe(CN)^0H]^“ + L^“ fast 
(L*^"" = HPDTa'^" and HIDA^~) 

(5) 


An interesting free energy relationship (equation. 6 ) has 

been discovered between the stepwise rate constants k' (k' = 

n n 

ord.er) , k^K 2 K 2 (3rd order), ^ 4^3 (2nd order) and 
k^ ( 1 st order) and the over all stability constants 0 ]Lmn 
intexnnediates viz. [peL (OH) (CN) ] (x = 0,1,2 and 3 respectively) 
reacting in the particular steps. The free energy relationship 
is given by a general equation ( 6 ) . 

log k^ = m log 13^^ + C ( 6 ) 

m(= - 1 ) is the slope and C(= intercept. 

Chapter III contains results and conclusions of the investi- 
gations on the ligand substitution reactions of aminocarboxylato- 

' ■ ■ ■ 4 **“ 

manganate (III) by the cyanide ions. In this study L = EDTA 

3 *“ 

( ethylenediaminetetraacetate anion) HEDTA (hydroxyethyetylene— 

4— 

diaminetriacetate anion) and GYDTA ( 1 , 2-diaminocyclohexanetetra- 
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acetate anion). The reactions between MnL(OH) and CN have been 
followed spectrophotometrically under pseudo~first- order conditi- 
ons. The reaction conditions are given below: 



pH 


Ionic ^ (nm) , 

strength 

(I) ,M(NaClO^) e cm 


4- 

EDTA 25 + 0.1 10.0 + 0,02 0.1 325, X of 

max 

[Mn(CN)g]^“, 

e =3x10^ 

HEDTA^“ 25 + 0.1 9 .5 + 0.02 0.1 449, X of 

— — max 

[MnHEDTA(OH) 
£= 312 

CYOTa"^” 25 + 0.1 10.5 + 0.02 0.25 448, ^^m^x 

[MnCYDTA(OH) 
6- = 329 


Here also a variable order dependence in cyanide for 
forward reaction (in case of EDTA) and first order dependence 
(in case of HEDTA and CYDTA) , and in inverse-first-order depen- 
dence in cyanide for reverse reaction in all the three cases, 
lead to a six step mechanistic pathway in which the fifth step 
is rate-determining. 
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The stepwise mechanism can be written down from equation 
(7-12) as: 

K 

[MnL(OH)]^“^ + Cn“ - — [mhL (CN) + 0h“ fast (7) 

[MnL(CN)]^"" + Cn” - [MnLCCN)^]^"” fast (8) 

[MnL(CN) 2 ]^ ^ + CN - [MnLCCN)^] fast (9) 

[MnLCcN)^] + CN~ - [MnL (CN) ^ fast (lO) 

'k. 

[MnL(CN) cn"" — [MnL(CN)(. ] r.d.s. (11) I 

^ \ D 

-b I 

K 

[MnL(CN)^] + CN“ [Mn(CN)g]^‘' + L^" fast (12) ; 

(l’^” = EDTA^"", HEDTA^"" and CYDTa'^'") 

The mechanism proposed by us is at variance with a mechanisml 
proposed earlier by some previous workers for MnCYDTA(OH)— CN | 

reaction and arguments have been advanced for refutation of 
their mechanism and in support of the mechanism proposed by us. 

TO the best of our knowledge this is the first comprehensive 
study of the ligand siobstitution reactions on Mn(III) centre. 

The subject matter of chapter IV is the study of ligand 
siabstitution reactions of square planar complexes viz. PdEDTA(OH) 
and Pd IDA by cyanide ions. The reactions have been investigated 

by stopped flow technique at 350 nm (X of PdEDTA(GH) and 

insLixi 
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330 nm ih of PdIDA) at pH = 11.5 and 11.0 respectively, 

lucLX. 

temp. = 25 + 0.1 and I = O.IM (NaClO^) . The forward reaction 
exhibited zero order dependence in cyanide at low cyanide concen- 
tration and one at high cyanide concentration in case of PdEDTA(OH) 
and only first orxier dependence in cyanide in case of PdIDA 
reaction. The reverse reaction, which is thermodynamically very 
unfavourable, could not be forced even in presence of very large 
excess of ligands inspite of repeated efforts. 

Activation parameters (both for zero and first order 
dependence conditions) have been determined. The effect of pH 
and ionic strength have also been investigated, interpreted and 
used in support of the proposed tentative mechanism given from 
equations (13—16) where the third step is the rate— determining 
one . 


[PdL(0H)]^“^ + CN” 
[PdL(CN)]^”” + Cn“ 
[pdL(CN)2]^ + CN” 

[PdL(CN)2] + Cn” 



[PdL(CN)]^ ” + 0 h“ 

fast 

(13) 

[PdL(CN)2]'^ 

fast 

(14) 

[PdLCCN)^]^’^'*’^^'" 

r .d.s . 

(15) 

[Pd(CN)^]^“ + L^” 

fast 

(16) 

(l'^“‘ = EDTa'^"* and 

IDA^~) 
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It may be stated# however# that in absence of any obser- 
vable reverse reaction# an unequivocal mechanism for this reaction 
can not be proposed and we have relied on our intution and experi- 
ence on other systems and ventured to propose a tentative reaction 
scheme only. 

An interesting sideline of the work is an investigation of 
the oxidation of polyalky lenepolyamines by hexacyanof errate ( III) 
The results and conclusions are given in chapter Y. The poly— 
alkylenepolyamines (P) chosen for these reactions are dien 
(diethylenetriamine) # trien (trie thy lenetetramine) and tet(tetra— 
ethylenepentaamine) . The reaction conditions are: pH = 10.5 + 
0.02# I = O.IM(KNO-) and temp. = 25 + 0.1°C and 420 nm (X of 
[Fe(CN)gf # €= 1020 M”^cm“^) . 

An analysis of the effect of pH on the rate of reaction 
gave resolved rate constants due to reactions of [Fe(CN)gJ with 

Hh 

P# HP and H 2 P # the latter two being protonated forms of poly- 
alky lenepolyamines . Activation parameters lend further support 
to the proposed mechanism whose basic feature is the one electron 
oxidation of the polyalkylenepolyamines by hexacyanof errate (III) . 

The thesis contains figures# tables and references to 
related work wherever necessary. 
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CHAPTER 1 


INTRODUCTION 


In the context of coordination chemistry * 'sxibstitution* ' 
implies replacement of an atom or a functional group present in a 
molecule by another atom or a functional group. The reactions 
involving replacement of a ligand constitute an important class of 
reactions called ''ligand substitution reactions'' which are of 
great utility in analytical and synthetic chemistry. As judged 
by published work, maximum attention has been given to studies on 
kinetics and mechanisms of the octahedral and to a lesser extent 
on square planar or other geometries . 

Many of the early kinetic studies on substitution are 
concerned with the inert Co (II) complexes, which Werner had so 
well characterized and which usually undergo reactions at conven- 
iently measured rates. Taube's review^ in 1952 drew attention to 
the wider world of ' labile' octahedral complexes of transition 
metals and to reactions which are complete within mixing time. 
Substitution reactions occur with a very wide range of rates. Some 
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proceed almost instantaneously, others occur at so low rates 
that for all practical purposes the reactions do not seem to 
take place. Thus the words 'labile* and 'inert' came into use in 
coordination chemistry. The most labile aquo ions are those of 

O-i- O4. O4. 

the alkali and alkaline earth metals and those of Cd , Hg , Cu 
2 + 

and Cr . For these ions, observed first order rate constants 

2 

8 “1 

exceed 10 sec , whereas in inert complexes e.g. Cr(H<-,0) and 

o -^6 

Rh (H 2 O) g , the substitution proceeds at rates with half lives 
of several days. A typical example of a slow reaction is the 

exchange of NH^ in aqueous solutions with [coCnh^)^]^^ complex 

3 

ions (no change in 162 days) . 

The kinetics and mechanism of reactions involving displace- 

4 5 g 10 

ment of polyaraines ' and polyaminocarboxylates coordinated 
to Ni(II) by the monodentate cyanide ions have been studied exten- 
sively. Work has also been reported on ligand exchange kinetics 
and mechanisms of reactions of mono—, bis— and binuclear complexes 
of Ni(II),^ Fe(II)^^ and FeClIl)^”^ with cyanide ions. 

27 

Excellent reviews on the substitution of the octahedral Ni(Il) 

28 

and Fe(IIl) complexes have been attempted by workers from our 

laboratory. Ligand displacement kinetics of Mn(III) complexes 

29 30 

have, however, received little attention. * Recently 

comprehensive studies on the displacement of aminocarboxylates 

complexed to Mn(IIl) by cyanide ions have been carried out by 
31-33 

us . 
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Substitution reactions of square planar complexes having 

8 34 35 

low spin d configuration have been studied in some depth. ' 

Investigations on square planar complexes e.g. Rh(l), Ir(l), Pd(II), 
Cu(II) and Au(II) have been, rather, limited because of the 
difficulties arising from the measurement of their fast reaction 
rates. But this has been made possible later due to the develop- 
ment of techniques like continuous— flow, stopped— flow, pressure— 

3 6 

jump and temperature ~jximp methods. In recent years kinetic study 
of both monodentate and multidentate ligand exchange reactions on 

O *7 Q 

Pd(ll) centre have been carried out in our laboratory. * 


1.2 Mechanisms 

Study of substitution mechanisms has occupied many workers 

39—44 

for a long time and continues to be an active area of research. 

A general mechanism for the ligand exchange on octahedral and 
square planar complexes can be given by equation (1) i 

N ML + E > N ME + L (l) 

n n 

where n = 5 and 3 for octahedral and square planar complexes 
respectively, N = a 'non— hindered ' ligand, L is the leaving ligand 
and E is the entering ligand. In the substitution process the 
oxidation number of the metal generally remains unchanged. 
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Octahedral complexes conceivably can react via either a 

dissociative (D or S^,l) mechanism or an associative (A or S„2) 

N N 

mechanism represented by equations (2) and (3) respectively. 

N^-ML [n^-Me] (2) 

N -ML + E > [n„-MLe] > [n -me] + L (3) 

(n = 5) 

In the first case (equation 2) the leaving ligand L is lost in the 
first step, producing an intermediate of reduced coordination 
number. In tlie second case (equation 3) the entering group adds 
in the first step producing an intermediate of increased coordi- 
nation number. A third alternative is an interchange mechanism (I) 
in which first an outer sphere complex is formed and then the 
leaving group moves from the inner to the outer coordination sphere, 
and simultaneously the entering group moves from the outer to the 
inner coordination sphere. 

An illustration of an interchange mechanism is provided by 
the replacement of a water molecule bound to a metal ion by an 
anionic ligand . The reactions taking place can be represented 
by eqns . (4—6) . 

[x(H20) ]^'" + [(H20)m]"^ [x(H20) (H20)m] (4) 

[x(H20) (H20)m] ^ [x(H20)m] + H 2 O (5) 
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[x(H20) (M) ] - - [xm] +■ H^O (6) 

The first two steps (eqns. 4 and 5) usually correspond to the fast 
diffusion-controlled process, the equilibrium constants are small, 
and there is hardly any independent method to measure them directly. 
So no kinetically detectable intermediates are formed under this 
class . 

A reaction proceeding through interchange mechanism may have 
a variety of transition states, but two well defined types will be 
those resembling the transition states of A and D reactions. Thus 
the interchange is svibdivided into an associative activation or 
interchange (I ), where the reaction rate is more sensitive to 

3 . 

variation of the entering group rather than to variation of the 
leaving group and a dissociative activation or interchange (1^^) * 
where the reaction rate is much more sensitive to variation of the 
leaving group than that of entering group. The a— d dichotomy 
appears to be the only convenient subdivision of interchange 
process that is necessary for a comprehensive discussion of ligand 
substitutions. So the simplest notation designating both stoichio- 
metric and intimate mechanism are D, Id, la and A. 

Substitution on square planar complexes usually occurs through 
an associative (A or mechanism represented by eqn. (3), where 

n = 3, involving a 5-coordinated intermediate. 
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1.3 Literature Survey 

A brief literature survey on stabstitution reactions of 
octahedral and square planar complexes is being presented 
giving particular emphasis on Fe(III), Mn(IIl) and Pd(II) complexes 
Substitution reactions of other metal ions are discussed in appro- 
priate places for comparison, wherever necessary. For the sake of 
convenience the various reactions have been put under different 
categories . 

1.3.1 Formation reactions 

The formation of metal complexes takes place through solvent 

^ exchange where usually water acts as a solvent. -Recently an exce— 

*• 

llent review on the formation reactions of Fe(lll) complexes has 

28 

been attempted. A dissociative D or mechanism for the format-* 

45 

ion of labile complexes of divalent cations is well established. 

46 

Hayman and Tapuchi, who have studied the formation kinetics of 

Fe(lll) complexes, showed that these systems also follow a dissocia 

tive pathway whereas formation of tervalent cation complexes procee 

47 48 

by an associative mechanism. ' In recent years, one of the 

diagonostic tests, that is now being widely used for elucidating 

49—53 

the mechanism, is the volume of activation (aV ) . The values 

of activation volumes for complexation of Fe(IIl) ions are listed 

2 + 

. The values are consistently positive for 'Fe(OH) an4 


in Table 1 .1 
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Table I.l. Activation volumes^ for complexation of Iron(IIl) ions; 


Ligand 

T" 

1 

1 

1 

1 

AV* (cm^ 

1 

mol""^ ) I 

1 

Ref . 

1 

1 

- 1_ . 

r 

- 1 - 

PeCOH)^"^ ; 

1- - . - 

Cl~ 


“4.5 +1.1 

7.8 + 1.0 

54 

Br“ 


-8 +4 

- 

55 

H^O 


-5.4 + 0.4 

7.8 + 0.2 

56 

2 





NCS” 


-12 

8,8 

57 

NCS"” 


0 

7.1 + 1.0 

58 

Hipt 


-8,7 + 0.8 

4.1 + 0.6 

59 


^disregarding any initial ion— pairing. 
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3 + 

negative for Fe pointing to a dissociative and associative 
mechanism respectively. 

Formation of Fe(IIl) complexes involving simple ligands 
_ 60-62 _63 2- 63,64 

viz. Cl , Br , SCN and SO^ have been investigated 

by many workers. This involves reaction with either Fe^^or Fe(OH)- 
ions . The main difficulty in the study of formation reactions of 

Fe(IIl) complexes arises due to hydrolysis of the free metal ions 

2^65/66 2 1 67,68 

Fe or easy dimerization of Fe(OH) . The rate of 

formation of a series of Fe(lll) complexes from Fe lie in the 

range 1-10^ M ^ whereas for Fe(OH)^'*' are larger and lie in the 
2 5—1—1 

range 1 x 10 — 10 M s . Specific complex formation rate 

2 + 

constants for Fe(OH) -ligand (monodentate or multidentate) react- 

28 

ions have been compiled and reported earlier. The results indi- 
cate that the substitution of water molecule in the inner coordi- 
nation sphere of the metal ions constitutes the rate— determining 
step for the complex formation reactions. 

Eigen and Tamm * have proposed the mechanism for complex 
formation, represented by the following stepst 


+ l"" -^22^ 

X 

[FeOH2* • . ” 

fast 

(7) 

[FeOH2 — - ^ 

[FeLj^-^ + H 2 O 

r.d .3. 

(8) 


is equilibrium constant for the formation of outer— sphere 
complex, k is rate constant for formation of the complex and 
Fe^"^ may be Fe(H20)g^'^ or Fe (H 2 O) . 
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The mechanism for formation of complexes from xmidentate 
ligands can be extended to the formation of n-dentate ligands as 
given in eqns . (9-11). 

K 

Fe(H20)g^‘^ + L-L Pe (H 2 O) g ) . . . (9) 


F© ^ • 

L_l3+ ^ L-L^'*' + H,,0 

\ -ic 0 1 2 . 

(10) 




Fe(H20)g_^.. 


(11) 


closure 


where L— L represents an n-dentate ligand. 

References to the studies of formation kinetics of Mn(lll) i 
complexes are scarce. But some studies have been reported on 
formation reactions of Pd (II) complexes. For example, the format- 
ion kinetics of Pd (II) complexes has been carried out for ligands 

_71,134 2 2+ 

viz.. Cl , Br and amines. Substitution reactions of Pd 

cation indeed provide a uniquely interesting example of complex 

2 + 

formation from a square planar aquo-cation Pd (H 2 O) ^ . 

Pd(H20)^^''' + x" - PdX(H20)2'‘' + H 2 O (11) 

(X = Cl , Br or amines) 

Rate constants and activation parameters for X (X - Cl or Br ) 

73 

are given in Table 1.2, Eldik and Mahal have studied the 
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Table 1.2. Rate constants, activation enthalpies and activation 

entropies at 25°C for substitution reactions of 

71 

palladium(Il) complexes (aqua ligands excluded) . 


Process 

“1 

M , S 

I ? 

; AH 

* —1 

I kcal mol 

1 

j AS=^= 

; cal K“^mol'"^ 

__J 

2+ - 
Pd ^ + Cl - 

— ^ PdCl 

1 .38x10"^ 

10 

+ 2 

—6 -f 

6 

2+ - 
Pd + Br - 

— > PdBr"^ 

9.2 xlO^ 

10 

± 1 

”3 + 

3 

PdCl” + Cl“ 

' """" PdCl^ 

1.8 xlO^ 

10 

1 + 

-15+ 

3 

PdBr; + Br- 

^ PdBr^~ 

3 .0 xlO^ 

8 

1 + 

—17+ 

3 
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kinetics of formation of carbonate complexes of Pd(Il) and found 

that these complexes are formed via anation of aquo complexes# 

2 + 

Pd(H20)^ . Elding et al. have studied the kinetics of complex 

formation between Pd(K20)^'^ and L(L=DMSo"^^ and MeCN*^^) . In all 

these cases an associative mode of activation takes place. Contrary 

to this# in the reactions of Ni(II) ions a dissociative mechanism 

has been established. In general# square planar complexes of Pd (II) 

and Ni(Il) are much more labile than that of analogous Pt(Il) 

complexes. The relative reactivities of analogous Ni(Il)# Pd(Il) 

7—8 b — 6 1 ^ 

and Pt(Il) complexes are approximately 10 *• 10 :i. 

1.3.2 Solvent exchange reactions 

The study of siibstitution on complexes in aqueous solutions i 

does not always resolve unambiguously the problem of reaction raech— ; 

anism because of the dual rple of water as a reagent and a solvent. 

Comparison of solvent-exchange reaction rateshas been used as a good' 

43 

criterion for elucidation of the mechanisms of substitution reactions i 
Kong and John ' have studied the solvent effects on A (or Sj^2) I 

reactions. More recently# information has been available for the I 
octahedral first row transition metal ions which leads to the | 

inference that the mechanisms for solvent exchange and ligand ! 

•TQ 

substitution are similar. A solvent exchange reaction showing 
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the displacement of water (solvent) coordinated to metal ions by 
a neutral unidentate ligand is given as: 

+ X 

z n 


Some studies on solvent— ligand exchange reactions of 

Fe(IIl), ' reported in literature# are mainly concerned with : 

Pe (H^O) and Fe (DMSO) systems. Both D (or S^^l) or A (or Sj^2) 

mechanisms have been proposed for these systems. Kinetics and 

mechanism of Fe(acac)^ in acac have been studied. The kinetic 

parameters of some solvent exchange reactions of Fe(III) complexes 

are compiled in Table 1.3. Very recently reactions of some ‘ 

dialkylthiolate hexacarbonyl diiron complexes have been studied in 

1 

various solvents using UV-spectropho tome ter and H NMR. The results 
support the and mechanism for the first and second step (of 
the proposed mechanism) respectively. This is an interesting i 

example of a ligand substitution reaction undergoing a mixed 

i: 

93 

associative and dissociative interchange mechanism* I 

fi 

Very little is known about the solvent exchange reactions 
of manganese (III) . An examination of the spectra of manganese (III) 
complexes reveals that the position of the low energy band 
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Table 1.3. Kinetic parameters of the solvent exchange reactions 
of Fe(III) complexes at 25°C. 


— p- 

1 

Complexes I 

1 

1 

- -.j.-. 

solvent 

: \ . 

; 

1 - 

! AH 
} kcal 

=F 

mol ^ 

AS^ j 

cal K^^mol"^ ; 

- - - r . 

Ref. 

[Pe (acac) ^ ] 

Hacac 

3.3 X 10 ”^ 

14.4 

+ 0.9 

- 22.3 

91 

[FeCH^O)^]^'*' 

H 2 O 

150 


— 

— 

92 

[pe (dmf ) 

DMF 

33 

12.5 

+ 1.5 

-10 +5 

92 

[Fe(dmf)g]^'^ 

DMF 

61 

10.1 

± 1-0 

-16 .5+3 .0 

84 

[FeCDMSO)^]^'^ 

DMSO 

50 

10 

+ 2 

-11 +4 

82 
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( ■^Ig^ many of these complexes is very sensitive to the 

29 

solvent interaction. A low energy band of MnL2(H20)2 species 
is seen in pyridine^ where the coordinated water, presvunably, is 
replaced by the amine (L = 3— diketone, acetate and tropolonate) . 
Although studies on Mn(IIl) 3“ketoenol complexes have been carried 
out in different organic solvents, but solvent exchange is seen 
only in pyridine. Kinetic studies of many reactions of Mn(lII) 
complexes have been hampered by the instability of the aquomanga— 
nese(IIl) ion.^'^'^^ 

Solvent exchange kinetics of Pd (II) complexes have been 

investigated by many workers . Solvent effects on leaving group 

in the reactions of neutral and cationic Pd (II) complexes have 

96 

also been studied. A general mechanism for solvent exchange of 

97 

Pd(II) complexes involving ion-pairing has been represented as- 

[PdL(H20) + x“ [PdL(H20)^'*‘x“] [Pd(L)x]‘^ + H2O (l| 

The mechanism of this reactions has been explained by solvent 
assisted dissociative mechanism. 

The reaction mechanisms of some pseudo-octahedral complexes 
have been studied and are given in eqn.(l5) . 
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PdLX + H2O 


2 + 


PdL (H2O) + X 


11 


+Y^- 

(fast) 


PdLY^^ + H2O 


( 15 ) 


where L = Et^dien# MeEt^dien and Me^dien. For all these complexes, 

a solvent-assisted associative mechanism has been proposed. The 

sequence for interchange of X and Y has been shown to be feasible 

by demonstrating the rapidity of the second step. Rate constants 

2 + 

for the reaction of PdL (H2O) (L = Et^dien) with different ligands 
Y^ have been compiled in Table 1 . 4 . 


The rate of reaction of halideswitli Pd (Et^dien)X^ (X = Cl , 

Br and I ) complexes have been investigated as a function of 

90 99 

temperature in different solvents . ' The activation parameters 

show that for reactions in protic solvents, a dissociative mechanism 

with leaving group solvation is probable. Kinetic data for all the 

three cases (X = Cl , Br and I ) have been reported by Roulet and 

Gray.^^® In protic solvents the reactivity decreases as X is varied 

in the order Cl'~> Br" > I~ Evidence for a dual mechanism in the react-* 

ion of [Pd (Et^dien)x]^ complexes has been given by Palmer and 

Kelm.^°^ The rates of substitution of X in [Pd(dien)x]NO (X = Cl” 

_ _ _ _ 96 

Br , I , , SCN and NO2) by PrNH2 and (^2)2^3 have been studied.! 

The results show that both the rate and the equilibrium constants 

vary on going from protic to dipolar aprotic solvents and the 

lability sequence of the leaving group depends on the nature of 
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Table 1.4. 


2 + 

Rate constants for the reactionsof Pd (Et-dien)H«0 

n— o Qft ^ ^ 

with different ligands Y at 25 C. 



Br 

CH^COO"" 

SC(NH2^2 


6.0 

4.5 

2.2 

1.4 
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the substrate and the solvent. Similarly substitution reactions 

of 1 , 3— [PdPy 2 Cl 2 ] in different solvents have been studied and 

102 

kinetic data have been reported. 

1.3.3 Ligand exchange reactions 

1. 3. 3.1 Monodentate or Multidentate by Monodentate 

These reactions involve the exchange between a monodentate 
or multidentate ligand complexed to a metal centre and another 
monodentate ligand. Reactions in which water acts as a solvent 
as well as a ligand, have been discussed earlier (vide infra) . 

Substitution reactions of pentacyanoferrate (II) / (III) follov 
the overall reaction (eqn. 16) . 

If’e(CN)^Y + L (16) ^ 

where L and Y are monodentate ligands. Kinetics of substitution 

reactions of [Fe(CN)^L]^“ (L = NO, 3,5-Me2-Py# -ONPh, SO^, Py | 

and 3— CN— Py etc.) have been studied recently and shown to follow 

a dissociative mechanism. The kinetic parameters have been 

103 104 

compiled and reported before. Ali et al. have studied the | 

substitution reactions of 4-cyanopyridine complexes [Pe (CN) £4CN-Py] 

where 4-CN--Py acts -as the sxibstituent, and found that these react— 5 

105 

ions also follow a dissociative path. Stochel et al. 



have 
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studied the kinetics and mechanism of acid— catalyzed aquation and 
base hydrolysis of Fe(CN)^NO in aqueous media. However, number 
of reported replacement reactions of unidentate ligands coordina— 
ted to Fe (III) by other xinidentate ligands are limited. 

The cyanide ion is a potential unidentate ligand having a 
capability of displacing multidentate ligands viz. macrocyclic 
ligands, polyamines, polyaminocarboxylates and thioligands like 
dithiocarbamates and dithiophosphates from their metal complexes. 

The reactions involving NiL complexes (L = macrocyclic ligands, 
polyamines ' and polyaminocarboxylates” have been studied 
extensively by many workers. For the past few years Nigam et al. 
have been investigating the substitution reactions of aminocarboxy— 
lates complexed to Fe(IIl)^^ 24,28 cyanide ions. 

2+ i 

Reactions of cyanide ions with cationic complexes Fe (L— L) ^ : 

111 11911 *^ 

(L— L = 1 , 10— phenanthroline or a siibstituted phen, ' Schiff's 

base,^^'^ bipy,^^^“^^^ substituted bipy^^*^ and terpy^^^'^^^ or 
123 

diimine ) proceed through formation of mixed complexes of the j 
type Fe (L— L) 2 (CN) 2 • The reactions of bis complexes of Fe(II) and 
Fe(III) with Par^^'^^ (Par = 4- (2-pyridylazo) resorcinol) with j 

■ ■ 'f 

cyanide ions too follow the same path way, forming mixed ligand i 
complexes, where only one of the ligands is displaced even in 
presence of large excess of cyanide. 
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124 

Vu and Stanbury have investigated the substitution 

reaction of Fe(0HP)2 with cyanide (OHP = 4,7— dihydroxy # 1,10— 

phenanthroline) and found that this reaction has the same rate 

law as the redox reaction with HO 2 which is interpreted to mean 

that the loss of ligand takes place in the rate-determining step. 

Theoretical study of kinetics of substitution of CN~ or OH*" in 

Fe(II) phenanthroline complexes in micellar media has been 

125 

carried out by Orlega and Rodenos . 

For the past few years we have been investigating the 
kinetics and mechanism of displacement of aminocarboxylates comple— 
xed to Fe(III) and of the less studied Mn(IIl) and proposed a multi— | 
step mechanism for both reactions where the rate-determining step 
is the step preceding the last one. The reactions of [mLOh]^ ” 

(M=Fe (IIl) ,Mn(IIl) and L = aminocarboxylates) complexes and cyanide 
ions have been shown to involve the formation of mixed ligand 
intermediates of the type [ml(OH) (CN)^]^ ^ ^ in multistep reaction 
sequences proposed by us. J 

Further, the FeL(OH)-CN~ reaction takes place in 
three stages. The mechanism for the first stage i.e. the formation 
of [Fe (CN) from [FeL(OH)]^ ^ complexes is given from eqns.17— 2] 


[FeL(OH) + CN“ [FeL(OH) (CN) " 

fast 

(17) 

K 

rFeL(OH) (CN) + CN” ■ — [FeL(OH) (CN)o]^~ 

fast 

(18) 
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[FeL(OH) (CN)^]”" + CN” 

[FeL(OH) (CN)^] + CN“ 

[FeL(OH) (CN)^] + CN“ 


^ [PeL(OH) (CN)^] 

k. 

— [FeL(OH) (CN) ,] 

''V ^ 

-4 

K. 

[Fe(CN)^OH]'^ 


(n+D- 

(n+2)- ( 20 ) 

+ L^” fast (21); 


4 >. 23 2 - 24 . 17,18 19-21 

where h = HPDTA , HIDA , EDTA , HEDTA'^ , DTPA^ , 

^ 22 23 

PDTA and TTHA . The second stage of the reaction is the 

conversion of Fe(CN)^OH^ to Fe(CN)g^ by the reaction with cyanide 

28 

ions, present in excess. The third stage is the reduction of 
Fe(CN)g^ to Fe(CN)g'^ by the ligand, released during the first 
stage . 


oo 24 ’ 

The Fe(IIl) complexes with l (L = HIDA and TTHA) are, 

present as dihydroxy species at higher pH. In their reaction with 
cyanide, the slow loss of one hydroxy group precedes the exchange 
with cyanide as given in eqn.(22). 


[ FeL(0H)„] 


1— n 


slow 


2— n 

[FeL(OH)] + 


OH 


( 22 ) 


This is followed by the same sequence of steps as given in eqns . 

(17~21) . The reactions of binuclear complexes of Fe(IIl) with 

25 

cyanide have also been studied. The first step in these reactions 

2 + 

is the loss of Pe(OH) in a slow step according to eqn. (23) followed 
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by the same sequence as in the case of mononuclear complexes 
(eqns, 17-21). 


Fe2L(0H)2 


slow 


■> FeL(OH) 


Pe(OH) 


2 + 


+CN 




-CN 

(in 5 steps) 


+CN 
. (fast) 


Fe(CN)^OH' 


Pe (CN) ^OH 


3- 


(23) 


Few substitution reactions of Mn(III) complexes have been 

investigated. Reactions of MnCl^ with 2,2 '-bipyr idyl and o-phen— 

X 26 

anthroline result in the formation of complexes, [MnLjcl^ (L = 

bipy and phen) , from which the chloride could be substituted by 

other ions. Substitution reaction between MnCl^ and acetylacetone 

give complexes viz. Mn(acac)Cl 2 and Mn(acac) 2 Cl. But for both 

126 

reactions kinetic studies have not been reported yet. 

127 

Edmund and Walderaar have studied the reaction of 0— di- 
ketone complexes of Mn(III) and Fe(lll) with HCl in methanol and 
showed that the bidentate diketonate ligands are easily replaced 
by the monodentate chloride ions. The kinetic data show that in 
the first step one 0— diketonate ligand is substituted by chloride 
ion almost quantitatively in both Mn(lll) and Fe(III) complexes. 
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MCdK)^ + HCl ^ M(dK)2Cl + HdK (24) 

where M = Fe(III) and Mn(lll) , dK is the diketonate ligand. 

More recently we have carried out investigation oh the 

reaction of MnL(OH) complexes with cyanide ions (L = ethylene- 

diaminetetraacetic acid, EDTA and (hydroxyethyl) ethylenediamine— 

triacetic acid, HEDTA) and proposed a general six step mechanism 

for the formation of [Mn(CN)g]^ . We have also undertaken a 

reinvestigation of the MnCYDTA(OH)-CN reaction (CYDTA^~= 1,2- 

diaminocyclohexanetetraacetate anion) , studied earlier by Hamm and 
30 

Templeton ,and refuted their mechanism. This reaction is also 

4-31,32 

shown to follow the mechanism proposed by us for EDTA and 

3— 

HEDTA systems and which is given from eqns . 25—30. 


[MnL(OH) + 
[MnL(CN) + 
[MnL(CN)2]^““ + 
[MnLCCN)^]”'’ + 
[MnL(CN) J 






+ CN 



[MnL(CN) + oh' 

[MnL(CN)2]^“” 
[MnL{CN) 2 ]^“ 
[MnLCCN)^]^’^'^^^- 


fast 


fast 


fast 


r.d.s 


( 25 ) 

( 26 ) 

( 27 ) 

( 28 ) 

( 29 ) 
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[MnL(CN)^] + Cn“ — [Mn(CN)g]^” + L^“ fast (30) 

L = CYDTa'^~, HEDTA^"* and EDTa'^”. 

Ligand exchange kinetics of Pd (II) complexes have been 

128 

studied by many workers. Cattalini et al. have carried out the 

2 — 

kinetic study on substitution of a chloride ion from Pdcl^ by an 
amine in aqueous media. The reaction is represented by eqn. (31) . 

PdX^^" + L > PdX^L + x“ (31) 

where X = Cl and L=amines . 

Second order rate constants for various amines are listed in 

Table 1.5. The reaction rate, which depends on the basicity of 

amines, is drastically reduced by steric hindrance. The rate 

constants and activation parameters for tlie reaction of [PdCl^]^ 

2 ““ 

and [PdBr^] with thiourea and selenourea and a few other ligands 
have been reported in Table 1.6. A comprehensive study on svibsti— 
tution reactions of Pd(ll) halide complexes (eqn. 32) has been 

133 134 

carried out by many workers , * 

PdX,^" + L PdX^L" + X~ (32) 

■ 4 3 

(X = cl or Br and L = H 2 O) 

135 

Elding has studied the svibstitution reactions of aqua halide 
complexes, represented by a general eqn. (33) . 
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Table 1.5. Second order rate constants for substitution 

reactions of PdCl^ with various amines at 25°C. 


Amine 

i 

1 

1 

• 

- - 

k^/ m“^s“‘^ 

f 

i pK 

- 1-.-.- - 

3“Chloropyridine 


2.5 

2.84 

4— chloropyridine 


360 

3.84 

Pyridine 


780 

5.17 

3 — me thy Ipyr id ine 


1080 

5.68 

4— methylpyridine 


1150 

6.02 

Morpholine 


3300 

8.4 

2-methylpyridine 


38 

6.1 

2 , 4— dimethylpyridine 


51 

6.95 

Et2NH 


3 80 

— 

2, 6— dimethylpyridine 


1.4 

6.75 

2,3/ 6— trimethy Ipyridine 


1.7 

7.25 

2/ 4/ 6-trirnethylpyridine 


1.8 

7 .48 
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Table 1.6. Rate constants along with Activation Parameters for 


associative 

genoanions . 

nucleophilic attack 

at [PdX^]^ 

halo— 

Nucleophile L 

IHI 

AH^ 

kcal mol ^ 

I AS * 

\ cal K ^mol 

1 

1 

} Ref. 

1 

1 

[PdCl^]^" 

Ammonia 

33 

— 

— 

129 

Thiourea 

9.1x10^ 

6.0 

-19.5 

130 

Selenourea 

4 .5x10^ 

4.4 

-26.0 

130 

Diamper 

4 .9xl0”^ 

20 

+ 14 

131 

N, N Me2diamper 

0.55xlo“^ 

23 

+20 

131 

enH*^ 

296 

- 

— 

132 

Me2enH‘‘’ 

153 

— 

— 

132 

Me - enH"*" 

4 

[PdBr^]^" 

14 



132 

Thiourea 

2.1xl0'^ 

7.3 

-19.0 

130 

Selenourea 

9.1x10^ 

10.7 

- 0.5 

130 
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PdX_ v(H^O)^ _ + X~ PdX_ (H^O) , _ + H^O (33) 

n— 1 Z o— n t:: n Z 4— n Z 

(X = Cl~, Br“ and n = 2,3 and 4) 

The reaction for n = 1, has already been discussed before (1.3.1). 

The reactions of [PdX^Li] and [PdXL^]"*" have been found to be very 

fast owing to the very strong trans effect of both the ligands. 

Exchange reactions of these ions with tertiary phosphine have been 

1 ft 

followed by NMR techniques by Louch and Eaton. 

137 

Trozzi et al. have studied the kinetics of sxibstitution 
reactions of [Pd (terpy)x]’*' (X = I , Br , Cl , and NO 2 ) with 

Y (Y = (NH 2 ) 2 ‘^S, I , Br , and Cl ) . The results can be compa- 

red with those of previously studied [Pd (3~NHPd) x]"*” (3— NHPd = 3— 
azapentane, 1,5— diamine) complexes. It is reported that the terpy 
complexes are both more reacting cind discriminating between various ; 
entering ligands . • 

Bromide substitution in the sterically hindered complexes 

[Pd (Et^dien)XCN]^ and [Pd (MeEt^dien)xCN]^ (X = S or Se) have also 

X 3 S 

been studied and shown to follow a two term rate law. 

Hynes and Branniek have studied the stibstitution reactions 
of dithiophosphate and dithiocarbamate complexes of Pd (II) with 
cyanide ions. A two step mechanism is followed according to 
eqns. ( 34 - 35 ) . 
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1 - 

Pd(S-S )2 + 2 CN > [Pd(S-S) (CN)^] + [s-s] (34) 

[pd(S-S) (CN) 2 ]^“ + 2 Cn“ » Pd(CN)^“ + [s-s] (35) 

where [s— s] represents the bidentate sulphur ligands. 


After a long lapse the reaction of Pdpar with cyanide ions, 

3T 

has been studied in our laboratory. This reaction follows a 
four step mechanism where the third step is the rate— determining 
one. Only recently, we have carried out the reactions of amino- 
carboxylatopalladate (II) complexes with cyanide ions and proposed 
a four step mechanism where the third step . is the rate dete 
mining one. The mechanism is given below (eqns. 36—40). 


[PdL(OH) J 


2— n— X 


Jc, 2-n 

— >[ PdL ] + oh' 


-CN 

K' 


1-n 

[PdL(OH)] + CN' 


K 


+CN 

fast 


1/ 


'«r' 


- ^ [PdL(CN)l^ + 0H‘ 


[PdL(CN) ] 


K, 


^ + cn"” 


[PdL(CN)2] 


n— 


-3 


K, 


[pdL(CN)2] + CN ^ [Pd(CN)^]^ + 


(36) 


fast 


fast 


[PdL(CN)^]“"" + Cn" - ^ [PdL(CN) r.d.s, 


(37) 

(38) 

(39) 

(40) 


L = Par^ , EDTa'^ (x = l) and IDA^ (x = 0) . 
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In case of PdIDA — CN reaction the first step of the reaction 
mechanism does not occur. It must be admitted, however, that this 
mechanism proposed for PdL-CN (L = EDTA and IDA) can not be said 
to be unequivocal because the reverse reaction does not occur even 
in presence of excess ligand. 

8 

Studies on five coordinated d metal ions viz. the displace- 
ment of 1, 10-phenanthroline by the reaction of cyano bis (1, 10— phen) 
Pt(Il) cation with cyanide have been carried out.^"^^ A two step 
mechanism (eqns-41, 42) has been proposed for the same where only 
one phen is displaced. 


PtCphen)^'*' + CN 

— i— > Pt (phen) 2 CN'*‘ 

(41) 

Pt(phen)2CN'^ + CN~ 

^2 

^ Pt(phen) (CN )2 + phen 

(42) 


Kinetics of substitution of amines complexed to Pt(ll) by cyanide 

141 142 

ions have been studied. Dickson et al. have reported the 

reaction involving cyanide displacement from Au(CN )2 by 1-methyl— 
pyridine— 2— thion (mpt) . A step-wise sxibstitution of cyanide has 
been proposed for the same. 

I. 3. 3. 2 Multidentate by multidentate 

These reactions involve displacement of one multidentate 
ligand by another from a metal ion complex. The mechanism depends 
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on the coortiinating ability of both the ligands simultaneously and 
are classified into four types. 


(i) Complete dissociation of leaving ligand (L— L) from the 

metal cation (M) before association occurs between and 

the entering ligand (L— L) starts 


M 




^ M + L-L 


M + L-L 



(43) 


(44) 


(ii) Association of the with entering ligand may occur before 
dissociation process of leaving ligand completes. 


M 



,L * 


L-L 


L-L-M-L-L 


M< 


) 


+ L-L 


(45) 


(iii) A variation of this mechanism is the case of pre— equilibrium 
partial dissociation of the starting complex. 


M- 


M-L-L 


L— L ^ 

L-L-M-L-L • 


-> M< ) + L-L (46) 


(iv) Modification of the scheme (iii) where two multi e.g.. 
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terxientate ligands are replaced by another multi e.g. quinqui or 
hexadentate ligand. The rate determining step of the overall 
reaction is the cleavage of any one of the several bonds between 
metal and the leaving group which must be broken in the course 
of reaction. 


* 



Multidentate ligand exchange kinetics of Fe(IIl) has 

received less attention. Reactions of FeL (L = HEDTA and NTA) 

with Par (4— (2— pyridylazo) resorcinol) have been studied in our 
143 144 

laboratory. Mentasti et al. have investigated the kinetics 

of displacement of metal loch romic indicators (abbrev. In) from i 

their complexes of Fe(III), represented by the eqn. (48). 

Fein + EDTA > FeEDTA + In (4 8) I 

In = salicyclic acid (H 2 Sal) or Tiron = 1,2-dihydroxybenzene 
disulphonic acid (H 2 T) . The rate constants have been reported i 

and given in Table 1.7. Very little is known so far, on the [ 

exchange of multidentate ligands on Mn(IIl) and Pd(Il). 

Multidentate ligand exchange kinetics of square planar 

, ' ' ' ■ ^ ' ■ . j 

complexes differs from that of octahedral complexes in some respects ^ 

1 45 146 

There are reports available for Nitrien-L (L = EDTA or HEDTA 
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Table 1.7- Rate constants and activation parameters for the 

reactions of Fe(IIl) and Fein with EDTA ; temp.=25°C, 

1 41 

I=-1.0M, (NaClO^) . 


Reaction 

10^,1 mol~^sec”'^ 


H 

AS 

cal mol 

4 

’^deg~^ 

2+ 

FeOH 

+ 

H^EDTA 

30 + 3 

7 + 

1 

-15 + 

3 

^ 2+ 








FeOH 

-f 

H^EDTA 

110 + 10 

6 + 

1 

-15 + 

3 

FeSal'*’ 

+ 

H^EDTA 

0.84 + 0.10 

17 + 

2 

+ 8 + 

6 

FeSal'*' 

4* 

h^edta" 

14 + 1 

15 + 

1 

+ 7 + 

4 

FeT 

+ 

H . EDTA 

0.58 + 0.1 

17 + 

2 

+ 8 + 

6 



4 






+ 

FeT 


h,edta“ 

17 + 1 

15 + 

1 

+ 9 + 

4 



3 




mmm 
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147. 2+ 14‘S 14ft 14Q 

or DTPA ') and Nitet - L (L = EDTA or TMDTA or DTPA or 

149 

PDTA ) systems forming mixed ligand intermediates viz. Ni(trien)L 
and Ni(tet)L respectively. These intermediates undergo success- 
ive unwrapping of trien or tet and increasing coordination with 
finally giving NiL^ The mixed ligand complexes have been 
sometimes experimentally observed but more often kinetically infer- 
red as reaction intermediates in several other cases of chelate 
substitution reactions. 

Reference to multidentate ligand exchange reactions on metal 
ions such as Cd ( II) , Zn(Il),^^^ Hg(II)^^'^ and Cu (II) 

are available in literature. A review of the same and their appli- 
cation to analytical chemistry has appeared for systems involving 
EGTA and PAR^^”^ (eqn. 49) . 

MEGTA + PAR ^ MPAR + EGTA (49) 

Very recently Kido and Hatakeyama have studied the ligand substi— | 
tution on Tc(IIl) centre and found that Tc(IIl) has got a lability 

' I: 

201 

very close to that of Cr(III) and undergo I ligand substitution. 

Q. 

Reactions of Pd(ll) complexes involving multidentate ligands 
have been much less studied. Kinetics and mechanism of reactions 
of PdIDA with L (L «: ethylenediaminetetraacetic acid and 
triethylenetetraminehexaacetic acid) have been carried out in our 
laboratory The reactions of Pd(Il) differ from that of Fe(III) 
in some respects . These reactions are of consecutive type in which 
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a fast formation of the mixed-ligand complex occurs which in turn 
dissociates into the products releasing the original ligand. 

Ligand exchange reactions of Pd (Arsenazo— I) or Pd (Par) 

with triethylene tetraamine result in the formation of Pd(trien) 

and Pd(trien )2 but the kinetics of the same has not yet been investi— 
158 

gated. Recently, substitution reaction of Pd(dien) with tris— 

159 

(hydroxymethylaminome thane) in aqueous media has been reported. 

The reaction of aqueous Pd (1 , 4,7-Me2dien) Cl"^ and Pd (1, 1,7,7 Me^- 
dien)Cl'*’ with Tris (tris (hydroxymethyl) aminomethane) buffer soluti- 
ons covering 7 < pH < 9 comprises of two consecutive steps, where 
both depend on [cl ], Neither of the rate laws corresponds with 
the simple two term expression for square planar substitution. A 
rapid formation of aqua intermediates followed by the formation of 
a Tris complex, is proposed for the same. 

Studies of metal exchange between ligands are, by 4 

far, very few. Though these reactions can be of considerable theore- j 
tical and practical interest but we iresist the temptation on [ 

discussing them in the present context. j 

1.4 Applications of ligand svibstitution reactions 

The study of substitution process is Important in many ways. 
Thus rate studies make it possible to define the best conditions 
for a preparative and an analytical procedure in coordination | 

chemistry, catalysis and inhibition in metal loenzyme-promo ted 
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IV S) 1 **T ft 

reactions and transport of metal ions through cell membranes. 

Besides this, the base hydrolysis of pentaamine Co (III) and many 

anation reactions have been carried out to study the effect of 

IW 1V8 1*79 

hydrostatic pressure, ionic strength and ion-pairing on 

the reaction rates . 

1.4.1 Analytical Applications 

Many possibilities of analytical interest are provided by 

study of substitution reactions. ' The presence of many 

species, particularly metals, in trace amounts is essential for 

growth and sustainance of life. Determination of these trace 

species is possible by their catalytic effect on some chosen ligand 

185 186 

substitution reactions. For example, Trien and triglycine 

upto 10 ^concentration level have been determined. One of the 
most poisonous metals, mercury has been determined upto a limit 

—7 

of 10 M by its catalytic effect on the substitution rate of 

193 

cyanide in hexacyanoferrate (II) by p— nitrosodiphenylaraine. 

Ligand substitution reactions rates have been used for 

194 

monitoring water quality. Metals in waste water have been deter- 

mined by their reaction rates. The substitution reactions rates 
of (1) 1— (2-thia20lyla20) 2-napthol complex and EDTA, (2) 2— (2-thia- 
20 lyla 20 ) -5— dimethylaminophenol complexes and EDTA and (3) 1— (2— 
pyridylaso) -2— napthol complexes and EDTA have been utili 2 ed in the 
determination of metals in trace levels. Cu(Il) in trace level of 
10 'M concentration has been determined by using the method (2) . 
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2 + 2 + —6 

Simultaneous determination of cd and Mn in 5x10 M 

concentration have been possible by observing the difference in 

the rates of ligand substitution reaction between 1— (2— pyridylazo) — 

195 

2— napthol chelate and EDTA. Similarly binary mixtures of 

Co(il)-Ni(lI) , Cu(ll)-Pb(II), Ni(II) - Fe(IIl) and Zn(II)-Cd(Il) 

and a mixture of Co(II)-Ni(Il)--Zn(II)-Pb(II) have been resolved 

181 

by the differential kinetic method of analysis. 

Components present in binary mixtures of Th, U(VI), Pu(IV) 

and Np(IV) have been determined by ligand exchange between their 

197 198 

complexes and Arsenazo-III . " Exchange of EDTA with colored 

complexes of rare earth metals viz. Dy, Ho and Yb by xylenol 
199 

orange has been used for the estimation of these metals in 
ternary mixtures using time as the discriminating variable. 

1 .4 .2 Synthetic Application 

Preparations of many complexes are very much difficult by 
the conventional procedures. A brief discussion on Fe(IIl) and 
Pd (II) complexes has been given in 1.3.1. More recently, an unstable 
manganese (III) complex, (p-nitrobenzenethiolate) [n, N ‘- ethylene 
bis (salicylideneaminato) Jraanganese (III) has been prepared by a 
ligand exchange reaction using Mn(salen)OAc with HSC^H^ in Me OH 
[salen = N,N'-ethylene bis (salicylideneaminato) ] 


/ 
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1.4.3 Determination of stability constants of mixed ligand 

intermediates produced in multistep reactions 

Stability constants of the intermediates viz .[peL(OH)— 

(CN) and[NiL(CN) where L = aminopolycarboxylate 

ligands and n being the charge on the same , formed in a multi- 
step reaction of [NiL]^~*^-CN^^'^'^ and [PeL (OH) systems, 

have been deterniined by the use of ligand substitution rates. In 
multistep reaction this has not been possible by any other means 
because of their transient existence or extremely small concen- 
tration, A brief discussion on the same has been included in 


chapter-II .5 .7 
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CHAPTER n 


KINETICS AND MECHANISM OP PENTACYANOHYDROXOFERRATE (III) 
FORMATION FROM MONOAMINOCARBOXYLATOFERRATE ( III) COMPLEXES 


ABSTRACT 


The kinetics and mechanism of the reaction system: 

[FeL(OH).J^~^“^ + 5 CN“ (.Fe (CN) + L^"* + (x-l) OH (1) 

4 ““ 

where L = HPDTA (2-hydroxy 1 » 3— diaminopropane tetraacetate 
2 — 

anion) and HIDA (N— (2— hydroxyethyl) iminodiacetate anion) have 

been investigated spectrophotometrically at 395 nra of 

[Fe(CN)^OH]^ ). The reaction conditions are: temp.=25°C, JH = 

10.5 + 0.02 and I = 0.25M (NaClO^) for HPDTA, and pH = 9 .5 + 0.02, 

I = O.IM (NaClO^) for HIDA. The data show that the reactions have 
three distinguishable stagesj the first stage is formation of 
[Fe(CN)^0H]^ , the second is conversion of [Fe(CN)^0H]^ to 
[Fe(CN)g}^ and last is the reduction of [Fe(CN)g]^ to [Fe(CN)g]^ 
by the respective ligands released during the first stage of 
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reaction. A variable order dependence in cyanide is observed 
ranging from one at high to three at low concentration of cyanide 
for [PeHPDTA ( oh) ] . In the reaction between [PeHIDA (OH) 2 ] and 

cyanide ion, however, an interesting feature is that the order in 
cyanide concentration becomes zero at low cyanide concentration 
(4 6 X 10 m) and one at high cyanide concentration. The formation 
of mixed ligand complexes of the type [FeL(OH) (CN) has been 

proposed for both the systems. The first stage of the reaction 
is kinetically controlled by the presence of four cyanide ions 
around the central iron atom in the rate-determining step. The 
reaction in the second stage is common to both the systems and 
follows a first order dependence on the concentration of [Fe(CN)^0H]' 
as well as cyanide, and overall second order. The third stage of 
reaction follows an overall second order kinetics, first order 
each in [Fe(CN)g“] and . 

The thermodynamically unfavourable reverse reaction i.e. 
the reaction between [Fe(CN)^0H]^ and can be forced only in 

presence of large excess of over [Fe(CN)^OH]^ and exhibits 

first-order dependence each in [Fe(CN)^0H]^ and [l^ ] and an 
inverse first-order dependence in cyanide. This makes it possible 
to identify the fourth step as the rate— determining one. The 
reaction rate is highly dependent on the hydroxyl ion concentration. 
The rate of reaction increases between pH 8.5—12. The ionic 
strength dependence of the forward rate constant is consistent 
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with the supposition that the fourth step is rate— determining in 
the proposed five step mechanism for the first stage of reaction. 
Activation parameters provide further support for the proposed 
mechanism, 

A linear f ree-energy relationship has been proposed between 
stepwise rate constants and the overall stability constants of the 
intermediates viz. [FeL(OH) (CN)^]^ ^ ^ (x = 0,1,2 ?s-3) reacting in 
the particular steps. 

11,2 Introduction 

The formation of tetracyanonickelate (II) from the reaction 
of aminocarboxylatonickelate (II) with cyanide ions has been studied 
extensively.^ The polyaminocarboxylates of Co(Il)^^ have also 

been investigated in respect of their exchange reactions with 
cyanide ions. Substitution kinetics of the reactions of Pe(II) i 

13—14 « 

complexes of some ligands viz,, 1, 10— phenanthroline, 2,2— bi- 

pyridyl"^^ and Schif f ' s bases with cyanide ions have been reported . 

Recently, the reaction between pyridylazoresorcinol complexes of 

17 ' 

Fe(II) and Fe(IIl) with cyanide ions has been studied. More 

recently detailed kinetic studies have been carried out on some 

sxibstitution reactions of aminocarboxylatoferrate (III) by cyanide 
1 ft— 

ions. In order to obtain a better insight into the pathway 

of this reaction, we have chosen to investigate the reaction as 
represented by eqn. (1 ) . 

CeNTRM_ 1 
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II .3 Experimental 

Purified and recrystallized forms of HPDTA (Fluka) , HIDA 

(Fluka, AG) / NaClO^ (E. Merck, F.R.G.), Ferric nitrate (May and 

Baker, U.K,) and Na^ [ Fe(CN)g] (GR, SDS) are used in this study. 

NaCN has been procured from May and Baker Ltd., England, sodium 

aquopentacyanoferrate (II) prepared from sodium nitro— 

pfusside (AR, BDH) by a literature method, is oxidised by H 2 O 2 

and then converted to aquopentacyanohydroxoferrate (III) by increas— 

24 

ing the pH to a value higher than 10. Ferric perchlorate has 
been prepared by dissolution of a precipitate of Fe( 0 H )2 in calcula- 
ted amount of HClO^ and standardized complexometrically using 

25 

sulphosalicyclic acid as an indicator. The perchlorate has been 

used for the preparation of [PeL(OH)]'^ ” complexes (L = HPDTA and 

HIDA) . A 20 */. excess of ligand over stoichiometric requirement 

is added to Fe(ClO. ) solution for ensuring complete complexation. 

26 

The NaCN is standardized argentometrically . The pH of the 

reaction mixture is adjusted by addition of NaOH or HClO^ . Buffers 
are not used in order to minimise complexity of the reaction system. 
The pH changes during the course of reaction have been found to be 
negligible within limits of experimental error. Through out the 
experimental work triple distilled water has been used for prepara- 
tion of solutions and rinsing of glass ware. 
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A Toshniwal spectrophotometer model RL-02 (Beckman DU Type) 
equipped with a circulatory arrangement for therraostating the cell 
compairtment has been used for all kinetic studies on these reactions 
An ultracryostat model 2 NBE (VEB Kombinat Medizin and Labortechnlk 
Kombinatsbetrieb, GDR) has been used for maintenance of the desired 
temperature. A Shimadzu model UV— 240 double beam spectrophotometer 
has been used for repetitive scans of the reaction mixture. jSi 
measurements are recorded on an Elico digital pH meter model LI— 120 : 
using EDH buffers for standardization. 

II. 4 Kinetic Measurements 

The rate of formation of [Pe (CTN) ^Oh]^ is followed at 395 nm I 
of [Fe(CN) .0 h]^~, e= 1740 M^^cnT^)^ at pH = 10.5 + 0.02, 

I = 0.25M (NaClO^) and 25°C for L = HPDTA and pH = 9.5 + 0.02, 

I =s O.IM (NaClO^) and 25°C for L « HIDA in the presence of large 
excess of cyanide. The names and structures of chosen I 

■ , I 

aminocarboxylates are given in Table II. 1. The spectra of 

[FeL(OH) and [pe (CN) ^OH]^” are given in Fig. II. 1 and Pig. j 

II. 2 respectively. Pseudo-first-order plots of log versus time | 

' ' i 

are obtained over at least 70 % of the reaction in all the cases. i 

1 

0-»r> 1 ' '' 

C is the concentration of [PeL(OH)] or [PeLCOH)^] any 

A ^ 

time t and n is the charge on the ligand under consideration. At 

3— n— X 

the chosen wavelength , [FeL(0H)jj.] complexes absorb to some extent. 
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Table II. 1. Names and structures of the aminopolycarboxylate 
anions . 


Structure 


. n- 


Name 


HPDTA^~ 2-Hydroxy-l , 3- 
diaminopropane 
N,N,N' ,N'-tetra- 
acetate anion 


OOCHoC 

2 \ 

OH 

1 

CH„COO 
/ 2 

/ 

OOCH 2 C 

>N.CH2.CH .CH2.N<( 

\ 

CH 2 COO 


HIDA^' 


N- ( 2—Hydroxyethyl)— 
iminodi acetate anion 


HOCH^.CH^ .N 


CH2COO 

CH2CO0' 
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Fig. II. 1 Absorption spectra of 

complexes. [FeL(OH)^^'^=10^M, pH =11.0 
and 9.5 for L= HPDTA and HIDA 
respectively. 
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O 

so a correction is applied for the absorption of [FeL(OH) ] and 

[FeL(0H)2]^~” at 395 nm. Based on reaction (l) , an expression 

used for the calculation of C, / is formulated as 

A 


= ^S^A - 


( 2 ) 


where A = [FeL (OH) B = [Fe (CN) and are the 

respective e's of A and B, C° is the initial concentration of 
[FeL(OH)^]^“’^"^ (x = 1 for HPDTA and 2 for HIDA) . 

The reverse reactions have also been followed at 395 nm 

(^jjjax [Fe(CN)^OH]^ ) by disappearance of [Fe(CN)^OH]^ with 

time in presence of ligands, , taken in large excess. The 

^ 3 - 

reaction between LFe (CN) ^OHj and cyanide ions has already been 
investigated in our laboratory and the results are discussed at 
appropriate place. 


I I. 5 Results 

II. 5.1 Species distribution of metal complexes and 
polyaminocarboxylates as a function of pH 

The metal ligand complexes as well as the ligands coordina- 
ted to the metal centre can exist in several protonated and un— 
protonated forms. It is necessary, therefore, to know the kind 
of reactant species and their relative concentrations at a speci- 
fied set of experimental conditions viz. pH, temperature, ionic 
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strength and concentration during a kinetic investigation . The 

species distribution of various protonated and unprotonated forms 

of ligand and metal complexes is calculated from a computer 

28 

programme originally given by Perrin and Sayce, using a Dec— lO 
system. 

Here a brief discussion for the same follows: At any 
given pH the concentration , in percent, of a particular form of a 
ligand (aminopolycarboxylates in the present case) can be obtained 
by means of ecfuation (3) . 


a^^ (n-m) + 
^(n-m) 


|-H+jn X 100/. 

[h‘^1^ + K. + ... + K.ICoK, ...K 

1 1^3 in 


(3) 


where n = N.o. of dissociable protons and m (= 1,2,3 .... ) is the 
number of species present. The values of pK ’ s of ligands and 
stability constants of metal complexes used in these calculations 
are given in Table II .2. The species distribution for the metal 
complexes can be calculated by an iterative method, starting with 
a crude approximation [m^] = [m^]^ based on equation (4) . 


[m^] = [m^]^ + (4) 

i ‘t“-]hi 

where P^j is the total nxxitiber of ions of M in the j species. 
The species distribution for HPDTA and FeHPDTA, HIDA and FeHIDA 
are given in Fig. II. 3 and Fig. II. 4 respectively. The curves 
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H^L ; Ref. 


HPDTA 


9.49 + 0.01 6.96 + 0.01 2.6 + 0.01 1.6 31 


HIDA 


8,66 + 0.02 2.2 + 0.05 


32-37 


b: stability constants of aminocarboxylato ferrate (III) 
complexes (log K) at 25°C and I = 0.1M(NaCl0^/KN02) 


PeL(0H)2 I Ref. 



11.61 


2.46 


5.7 


39 
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Fig. II. 3 Species distribution of HPDTA and FeHPDTA as a function 

of pH^lfe^^ = [hPDTa] = 2.5X 10^ M . 


61 



Fig. II. 4 Spccias distribution of HIDA and F«HIDA as a function of 
pH i [hIDaJ= [f^*]= 2.5x10^M. 
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O 1 M 

show that the [FeHPDTA (OH) ] and [peHIDA (OH) 2 ] the principal 

reacting species in their exchange reactions with cyanide under 
the specified chosen conditions i.e. in the pH range of interest, 
ionic strength and temperature. 

II. 5. 2 Kinetics of Forward reaction 

The forward reaction is favoured thermodynamically 

/ 9 45 9 15 

^^FeHPDTA(OH) “ ^eHIDA(0H)2 " ^5 

[Fe(CN)^OH]^ = lo"^^ ) as there is a large difference between 

the stability constants of the reactants and the products. During 

kinetic runs a significant observation is made that a small but 

instantaneous increase in the absorbances takes place immediately 

following mixing which is followed by relatively slow absorbance 

changes due to formation of [Fe(CN)^OH]^ . This suggests that 

mixed ligand complex (es) are produced immediately after mixing 

followed by slower formation of [Fe(CN)^OH]^ . Similar observations 

1—11 

have also been made for the NiL— CN reaction systems by Margerum 

et al., Stara and Kopanica and Nigam et al. earlier.' 

The forward reactions for [FeHPDTA (OH) ] and [FeHIDA(OH) 2 ]^ 

with cyanide under pseudo-first-order conditions are found to be 
first order in these complexes. In [PeHPDTA(OH) ] system, a 
variable order dependence in cyanide concentration changing from 
three to one is observed as the cyanide concentration changes from 
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low to high. But in the [PeHIDA (OH) 2 ]^ system, a zero— order 

dependence in cyanide below concentration ~ 6 x 10 and one 

at higher cyanide concentration have been observed. Similar 

observations have been made earlier”^ in case of [FeTTHA(OH) 2] — 

CN system, where a zero— order dependence in cyanide below concen— 

—4 

tration 2.7 x 10 M and a third order at higher cyanide concen- 
tration were seen. The significance of variable order and zero— order 
dependences in cyanide will be discussed later. The pseudo-first- 
order rate constants at different cyanide concentration levels 
(always taken in excess) are compiled in Table II. 3. Plots of 
log versus log [cN are given in Pig. II. 5. [CN includes 

a small amount of HCN present at any chosen pH. In case of 
[PeHPDTA (OH) reaction system the slope of above plots are found 
to change from three to one as the cyanide concentration increases. 
On the other hand, a slope of one and zero at high cind low concen- 
tration of cyanide respectively is observed in [PeHIDA (OH) 2 ]^ 
reaction system. In both cases, an inverse-first-order dependence 
in cyanide concentration is observed in the kinetic study of 
reverse reactions. 

The variable order dependence in cyanide ion concentration 
can be interpreted to infer that the formation of [Fe(CN)^0H] 
takes place in steps through the successive formation of mixed 
ligand intermediates [FeL(OH) (CN) ^ and the observed order 
in cyanide depends upon the number of cyanide ions which are 
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Table II 


A. [CN 


.3. Kinetics of formation of [Pe(CN)^OHj^ from 
[PeL(OH) ^ ^ complexes in presence of 

-A*. 

excess cyanide at 25 ^C. 

2 *** A 

A. [PeHPDTA(OH) ] = (1.0-2.5)xl0 M, pH = 10.5 + 0.02 
and I = 0.25M(NaCl0^) . 

B. [FeHIDA(0H)^~] = (4 .5-5 .1 ) xio”'^ , pH = 9.5 + 0.02 and 
I = O.lM(NaClO^) . 


10^, M 





2.0 

1.42 

X 

10~^ 

1.78 


3 .0 

3 .80 

X 

10"^ 

1 .43 


4.0 

1.18 

X 

lo”'^ 

1.84 


5.0 

2.65 

X 

io“'^ 

2.12 






k^(av) = (1.79+ 0.25), m”^s“ 

-1 

5.0 

2.65 

X 

10“'*' 

1.06 X 10“*- 


6 .0 

5.22 

X 

10“" 

1.45 X 10“^ 


8.0 

7.13 

X 

10“" 

1.11 X 10“*- 






k^(av) = (l .21+ 0.17 )x10”*',m' 

-2 -1 
s ^ 

9 .0 

9.21 

X 

io“'* 

1.02 X 10“^ 


10.0 

1 .21 

X 

io“^ 

1.21 X 10“^ 


15.0 

1.6 

X 

io“^ 

1.07 X 10“^ 


20.0 

2.05 

X 

io“^ 

1.03 X 10“^ 


25.0 

2.55 

X 

10“3 

1 .02 X 10“^ 





3<£(av) = (1.07 + 0.07)xi0 s 


. .contd 
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- 1.9 - 1.5 - 1.1 - 0.7 - 0.3 



Fig. II. 5 The cyanide dependence of observed 

pseudo-first- order rate constants for 
[FeL(0H)xf^“- CN.(The conditions as 
given in Table II. 3 . 


log kobs 
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already complexed to the FeL(OH) complex in any particular step. 

A general rate expression consistent with a variable order 
dependence in cyanide is given in equation (5) . 

k.[FeL(OH) (CN) (5) 

where n is the charge on the ligand L and x is the number of 

r 2— n-x 

cyanides attached to LFeL(OH) (CN) ]' complexes and can have 
values one, two and three for HPDTA system while zero and one for 
HIDA system. The kinetics of reverse reaction helps in identifying 
the rate— determining step as the fourth one in a five step mecha- 
nism (vide supra) . 

II. 5. 2.1 pH dependence 

The pH (= — log[H^] for dilute solutions) profiles for both 
reactions have been investigated. The pH ranges are 9.5—11.0 and 
8.5—10.5 for [FeHPDTA (OH) ] and [FeHIDA (OH) 2 ] systems respecti- 
vely. The values of observed forward rate constants are given in 
Table II. 4. The rates of forward reaction for both systems are 
found to increase in their respective pH ranges mentioned above 
and finally level off. These measurements are made in conditions 
where the order dependence in cyanide concentration is one. The 
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Table II. 4. Effect of pH on formation of [Fe(CN)^OH]^ at 25*^C. 

A. [FeHPDTA(0H)2~] = 2.5 x [cn“]^ = 1 .5 X 10“^M 

and I = 0.25M(NaCl0^) . 

B. [FeHIDA(0H)2“] = 5.0 x [cn"]^ = 2.5 x lo“^M 

and I = O.lM(NaClO^) . 


A. PH 

k , , 
obs 

-1 

s 


9.5 

1.50 X 

10-5 

1.0 X lo”"^ 

9.72 

2.79 X 

—5 

10 

1.77X IQ-*^ 

10.0 

1 .60 X 

10“^ 

1.07X 10“^ 

10.5 

1 .63 X 

10“^ 

1.09x 10~^ 

10.73 

1.83 X 

10“^ 

1.22x 10“^ 

11 .0 

1 .97 X 

io“^ 

1.24 X 10“^ 

B. PH 

^obs' 


2 — 1 
k^, 10 ,M 
r 

8.5 

3 . 

69 

1.50 

9.0 

4. 

30 

1.70 

9.25 

5. 

11 

2.0 

9.5 

5. 

41 

2.16 

10.0 

5. 

41 

2.16 


10.5 


5.40 


2.16 
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initial steep portion of the curves shown in Fig. 11.6/ reflects 
the changes in rate as FeHPDTA(H 20 ) and FeHIDA(H 20)2 are converted 
to the more reactive FeHPDTA(OH) and FeHIDA(0H)2 species respecti- 
vely on raising the pH. The limiting values of the rate constants 
are due to the reactions of the two hydroxo complexes viz . FeHPDTA- 
(OH) and PeHIDA(0H)2 (which are the predominant reacting species 
present above pH = 9.5) and cyanide ions. In some earlier investi- 
gations on ligand exchange reactions, it has been possible to 
resolve the rates due to various reactive species by algebraic 
manipulation.^^ It has not been possible to do so in the present 
systems (viz. FeL (0H)^-CN;L = arainocarboxylates) because of the 
complexity arising due to svibsequent reactions involving the 

conversion of [Fe(CN)^OH]^ to [Fe(CN)g]^ and eventual reduction 

4— 

of the latter to[Fe(CN)g] 

II. 5. 2. 2 Ionic Strength dependence 

The forward reaction rates are found to increase with 
'V 

increase in ionic strength of the medium. The ionic strength is 
maintained each time before mixing the two reactants keeping pH, 
temperature and initial concentrations constant during these 
kinetic runs. The forward second order rate constants for the 

Om "1 — • 

reaction of [FeHPDTA (OH) ] and [FeHIDA (OH) 2 ] with cyanide ion 
follow Bronsted-Bjerrum equation .(6) . 
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log = log k^ + 1.02 Z^Z^/1~ (6) 

where k^ is the specific rate constant, k^ is the specific rate 
constant at zero ionic strength, and 2^,2;^ are the charges on the 
two reactant species . The plots of log k^ versus \/ 1 for both 
the systems are given in Fig. II. 7. The values of and k^ at 

different ionic strength are listed in Table II. 5. The values of 
Z^Zg calculated from the slopes of these plots agree closely with 
the expected values envisaged in the rate-determining step. 

II. 5. 3 Kinetics of Reverse reaction 

The reverse reaction of equation (1) is not favoured thermo- 
dynamically and it becomes possible to force the same only by adding 

a relatively large excess of ligands compared to [Fe (CN) j- O h]^ . At 

3- 

pH = 10 .5—11 .0, [ Fe (CN) ^OHj shows no noticeable dissociation even 
after prolonged standing. The rate of decomposition of [Fe(CN)^0H]^ 
in presence of is first order each with respect to concen- 

tration of the respective ligands and [Fe(CN)-0H]^ but exhibits 
an inverse— first-order. dependence with respect to [cN ]. The 
disappearance of [Fe(CN)^0H]^ follows the rate expression given 
in equation (7) . 

-d[Fe (CN)^0H^”]/dt = k^[Fe (CN)^0 H^“][l^”]/[cN~] 


(7) 



log kf 



>rr 

Fig. II. 7 Ionic strength dependence of observed 

pseudo- first- order rate constants for 
_j-n-x 

[feUOHy-CN. reactions. The conditions 
as given in Table 11.5. 
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Table II. 5. Effect of ionic strength on the forward reaction 
rate for the reaction of cyanide ion with 
[PeL(OH)^]^“^"^ complexes at 25 °C. 

A. [FeHEDTACOH)^"] = 2.5 x [CN~] = 1 .5 X 

and pH = 10.5 + 0.02 

B. [FeHIDA(0H)^“] = 4.0 x [cN*"] = 2.5 x 10~^M 

and pH = 9.5 + 0.02 


M(NaClO^) 


k^,10^,M' 

0.25 

2.47 

1 .65 

0.29 

3.41 

2.27 

0.35 

4.82 

3 .21 

M(NaClO^) 


k^,10^,M' 

0.08 

4.33 

1.73 

0.10 

5.41 

2.16 

0.13 

6.88 

2.75 

0.15 

8.63 

3.45 
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The integrated form of equation (7) in presence of large excess 
of l“"” is written as 

(Ai-At) + In A^/a^ 5= - G .t/5 (8) 

where A^^ and are absorbances at time t = 0 and t = t respecti- 
vely, 1 is the path length and G. is the molar extinction coeffi- 
cient of [Fe(CN)^OH]^ at the wavelength at which the reaction is 
monitored. The plots of ([a^^-A^J + Aj_ln A^/a^^) versus time give 
straight lines and slopes of these plots give where = 

]/ being the reverse rate constants. Inverse first-order 
plots for reaction of [pe (CN) ^Oh]^"' with HIDA are shown in Pig. II. 8. 
The plots for HPDTA systems are similar and are ^therefore, not 
shown. The rate constants obtained from these plots are given 
in Table II. 6. The reverse rate study has made it possible to 

pin point the rate— determining step as the penultimate one in a 

21 

stepwise mechanism proposed by us (vide supra) . 

i. 

II. 5. 4 Temperature dependence of Forward and Reverse rates 

The temperature dependence of the forward rates is found to 
follow the Arrhenius equation over the temperature range 25— 45°C 
and 15-31°C for FeHPDTA (OH) -Clf and FeHIDA(OH) ^“CN" reaction systems 
respectively. The reverse rate also obeys the Arrhenius equation 
(9) over the temperature range 25— 45°C. 
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Time (min) 



Fig. II. 8 Inverse- first- order plots for reaction 

of [F< 2 (CN) 50 H] with HIDA at tcmp.=35C, 
pH = 11.0, 1=0. IM (NaCl04) 
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Table II. 6. Rate constants for the reverse reaction. 


= hpdta'^ ; 

pH = 10.5 + 0.02; 

I = 0.92M(NaCl0^) , 

[Pe(CN)^OH^“] 

= (0.7 - 1.0) X lO’ 

and temp, = 25 + 0.1°C. 

[hpdta^~] ,M 

T 


10®,k^(=I^^k_^)„s~^ 

0.05 

2.99 

5.98 

0.10 

6,45 

6,40 

0.12 

7.18 

5.98 



(av)=(6.1 + 0.2)xl0“®, s”^ 

l"” = HIDA^~; 

pH = 11 + 0.01 and 

I = O.lM(NaClO^) , 

[Fe(CN)^0H^~] 

— W Q 

= 5 X 10 M, and' temp. = 35 + 0.1 C. 

[hida ]',M 

T 


10®,k^(=K^^k_2 / s ^ 

0.1 

1.68 

1.68 

0.15 

2.39 

1.59 

0.21 

3 .83 

1.82 


k 

r 

(av)=:(1.7 + 0.1)xl0~®,s'”^ 
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ln.k = - E ^ /rt + InA 


(9) 


The values of entropy of activation AS'*‘ for the forward and 
reverse reactions are calculated from the Eyring equation (10) 


k .T -AH'*'/RT AS'^/R 

“h * ® ® 


( 10 ) 


where all terms have their usual meanings. The above equation (10) 
can also be written as equation (11) . 


ah^/rt 


( 11 ) 


where P is the probability factor defined in the expression 

p = ^ (12) 

The values of activation parameters ( ah^ and AS*) for 
forward reactions have been determined in conditions where the 
order in cyanide concentration is one and, therefore, for the rate- 
determining step itself. The activation parameters are also 
calculated for the reaction between [Fe(CN)^0H]^ and cyanide ion 
which has been studied earlier in our laboratory and is common 
for both the systems. The values of these parameters are listed 
in Table II. 7 for the sake of completeness. 
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3. t) 

Table II .7. Activation parameters for forward ' and 
reverse*^ reaction. 


I 

t 

t 

Reaction I 

1 

1 

- - - - - .1 ... 

L^” 

j. 

! AH^ I 

1 1 

I kj mol ^ j 

A - _ 1 

JK”^mol”^ 

a) [FeL(OH) + 5CN~ 

jl\m 

hpdta"^” 

31.2 + 2.0 

-178 + 3 

— [Fe(CN)^OH]^“+L'^“+(x-l)OH“ 

HIDA^” 

5.9 +1.0 

-258 + 2 

b) [Fe(CN)^OH]^“ + Cn” 


36.5 

-16S 

> [Fe(CN)g]^'' + oh” 




c) [Fe(CN)^OH]^” + l“” 

hpdta'^” 

64.1 + 2.2 

-176 + 3 

> [FeL(OH) + cn” 

HIDA^” 

44 .6 + 2.0 

-232 + 2 

i 

■ ' ■! 

1 

^Ref. 47. 
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II. 5. 5 Reaction between [Fe(CN)g]^ and 

As the concentration of [pe (CN) ^0 h]^~ produced in the first 
stage of reactions increases / it begins to react with cyanide 
present in excess to form [Fe(CN)g]^"' which in turn reacts with 
the ligand, released in the first stage of reaction to form 
[Fe(CN)g]^ and the oxidation products of the respective ligands. 
Similar reactions have been shown to occur with other ligand 

4 - ^0 

systems viz. ethylenediaminetetraacetate anion (EDTA)^ , 

5 - 

diethylenetriaminepentaacetate anion (DTPA) . The products 
of these reactions, according to earlier studiest^are [Fe(CN)gJ^'~ 
and polybasic aliphatic acids e.g. glycollic acid, simpler amino— 
polycarboxylates, carbondioxide and ammonia. 


II. 5. 6 Discussion 


Based on the experimental observations on the forward and 

reverse rates of the reaction between [FeL(OH) (L^ = HPDTA^ 

2 — 

and HIDA ) and cyanide ions, a general five step mechanism is 
proposed as given from equation (13) to equation (17) . 


[PeL(OH) + Cn” 

[FeL(OH) (CN)]^"^ + CN 
[FeL(OH) (CN) 2 ]^” + CN 



[FeL(OH) (CN) f ““ 

(fast) 

[peL(OH) (CN) 2 ]^'’ 

(fast) 

[FeL(OH) (CN)^] 

(fast) 


(13) 

(14) 

(15) 



80 


[FeL(0H)(CN) + CN [PeL (OH) (CN) , ] r.d.s. (16) 

j S. ^ % 

-4 

[FeL(OH) (CN)^] + CN~ — --^ ■■■ > [pe (CN) ^Oh]^“ + L*^“(fast) (17) 

The HPDTA reaction exhibits a variable order in cyanide which 
ranges from one to three while in case of HIDA# the order varies 
from zero to one. The implication of zero order dependence will 
be treated later. 

A general expression which accounts for all the observed 
orders in cyanide concentration is formulated in equation (18) . 


~t4 


KiK2K3)c^[cn ] 


'"obs 


-i3 


1 + K^[cn“] + K^K^LcN r + K^K2K3[cN ] 


(18) 


Fourth/ third/ second and first order dependences in [cyanide] can 
be deduced from the above expression at various levels of cyanide 
concentrations. Thus a fourth order dependence is expected at 
very low cyanide concentration when the last three terras in the 
denominator are very much smaller than unity. 

In case of HPDTA systems it is proposed that the first step 
is very fast and a stable i:i:i intermediate [FeL(OH) (CN) ^ is 
formed instantaneously even at vejry low cyanide concentration. 

Once this is achieved the variable order changing from three to 
one becomes understandable from the occurence of three remaining 
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steps upto the rate~determining step. At very small concentration 
of cyanide where the fourth order dependence might have been 
observed the rate becomes too slow for dependable measurements. 

The fourth order rate constant can, however, be obtained by an 
algebraic manipulation, discussed later. 

In case of HIDA reaction, however, the order in cyanide at 
moderate and high [cN ] is found to be one. This indicates the 
rapid formation of the stable i:i:3 intermediate [PeL (OH) (CN) ^ ] 
which reacts with one cyanide in the rate-determining step giving 
rise to only the observed first order dependence at medium and high 
cyanide concentration. Besides this, the HIDA system shows an 
additional interesting behaviour. It also exhibits a zero-order 
dependence at low cyanide concentration. A zero-order dependence 
in cyanide has also been observed in the reaction between 
[PeTTHA ( oh) 2 ] and cyanide ions studied earlier. This indi- 
cates that in the first stage of reaction the dihydroxy species 
undergoes a very slow dissociation according to equation (19) . 

[PeHIDA(0H)2]^”’ ^ [PeHIDA(OH)] + OH (19) 

Sxibsequent to this dissociation the remaining steps in the reaction 
of [peHIDA(OH)] with cyanide ions follow the same mechanistic 
scheme as presented from equation (13) to equation (17) . 
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The rate expression for the reverse reaction can be derived 
in terms of the concentration of the inteirmediate in the rate — 
determining step. Thus 

Reverse Rate = k_^ [peL (OH) (CN) ^ ~ (20) 

The concentration of the intermediate can be obtained by 
application of steady state treatment to this species. 

d[FeL(0H) (CN) ^ "]/dt = k^[FeL(0H) (CN) ^ [CN~] 

-k_^[FeL(0H) (CN) ^ k^[FeL(0H) (CN) ^ [cn'J 

+^_5[Fe(CN)^0H^“][L'^“] = O (2l) 

, ^(n+2)-^ k4[FeL(0H) (CN)^'"'^^^][cN~]+k_ [Fe(CN) 0 H^"][l°~] 

[FeL(OH) (CN) ) 1 = — ^2 ^ 2 2 ^ 

( 22 ) 

The first term of the numerator can be ignored in presence 
of excess of ligand. A corttoination of forward and reverse rate 
study has shown that the fifth step is a fast one compared to the 
fourth one and values of k^ and also k_^ must be relatively small 
compared to k^ (k_^<k^[cN ]) . In the denominator, therefore, k _4 
can be ignored compared to k^[cN ]. With these asstimptions 
equation (22) reduces to equation (23). 
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[FeL(OH) (CN)^] 



[Fe(CN)^OH^ ] 

[cn“] 


Substitution of concentration of [PeL(OH) (CN)^ ] from 

equation (23) in equation (20) gives equation (24) 


(23) 


rate = - d[Fe (CN) ^OH^“]/dt = k^[Fe (CN) [ l^”J/[cn”] (24) 

where ^ = k_^/k^ and k^ = k_^K^ ^ . 

This expression is in conformity with the observed rate law for 
the reverse reaction given in ecjuation . (?) . 

The magnitude of activation parameters also support the 
proposed mechanism. A lower value of enthalpy of activation ( ah"^) and 
a large decrease of entropy of activation (aS^) in the forward 
reactions compared to the reverse reactions (Table II .7)# for both 
the systems investigated,, point to an associative mechanism rather 
than a dissociative one and are consistent with the rate— determining 
step (equation 16) proposed in the mechanistic scheme given in 
equations (13—17) . 

The pseudo-first— order plots for the forward reactions show 
positive and negative deviations from linearity at high and low 
cyanide concentration respectively (not shown). If this were due 
to reversibility, the deviations would have been negative only. 

Also, the occurence of reverse reaction is ruled out due to high 
stability of [Fe(CN)^0H]^'“ compared to that of FeL (OH) . Another 
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reason is the presence of high concentration of cyanide in the 
reaction mixture which would prevent the reverse reaction to 
proceed to any appreciable extent. Therefore/ it is reasonable to 
assume that some other reaction (s) are taking place in the system. 

A repetitive scan of the reaction mixtures (Fig. II .9 and 
Fig. II. 10) at suitable intervals gives a wealth of information 
and evidence for all the reactions taking place in these systems. 

The reactants are [PeL(OH)] and [peL(0H)2] for HPDTA and HIDA 
systems respectively. The repetitive scans show an increase in 
the height of the 395 nm peak (X of [Fe(CN)r-0H] ) at the 

IXIoLIaI O 

Q MW 

beginning of the reaction/ but as the concentration of [Fe(CN)^0H] 
increases and attains <-->70% of the theoretical maxim^^n value/ the 
peak height starts decreasing. This shows that [Pe(CN)^0H] starts 

Q rnmm 

reacting with excess cyanide to produce [Pe(CN)^] . This is 

D 

further supported by the appearance of two new peaks at about 300 nm 
and 257 nm in the UV region due to formation of [Fe(CN)g]^ . The 
height of peaks at 300 nm and 257 nm start increasing followed by 
a decay of the same in the later part of reaction. This is due to 
the reduction of [Fe(CN)g]^ by released in the first stage. 

In the later part of reaction the peak heights due to [Pe(CN)^0H]^ , 
[Fe(CN)g]^'' and L^~ go down which is in agreement with the propo- 
sals given above. 



Fig-II.9 


Wa 

RejDetitive scan of the n 
run at 25*C, [FeHPDT> 
and I=0*1M (NaCl04). 




ABSORBANCE 





Serial 

Time 



No. 

min./l 



1 

1 



2 

3 



3 

5 



4 

10 .5 



5 

12 



6 

18 



7 

30 



8 

57 



9 

1 .1 

13 


10 

1.6 

12 


1 1 

4.1 

11 

4-7 

12 

5.1 



13 

6.1 


l//3\ 

14 

50.4 

J. 


15 

22 



16 

2.0 



17 

3.0 

\ / 


18 

5.0 



19 

7.0 


"14 




WAVELENGTH (nm) 


Fig. II 10 Repetitive scan of the reaction mixture during 
a typical kinetic run^ |Fe HIDAtOHl^sS x , 
1 cn]j=2x15^,PHs9.5 ±0.02 ,I= 0 . 1 M(NaCl 04 ) and 
temp.s 25*’c. 
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Alkaline hexacyanoferrate (III) is a one— electron oxidising 
agent and is known to oxidise many aminocarboxylates viz . EDTA, 

IDA and NTA.'^^ Kinetics of oxidation of DTPA by [pe(CN)]^~ has 
been investigated before in our laboratory All these oxidation 
reactions have been found to follow the same mechanism. So it is 
expected that oxidations of HPDTA and HIDA should also fall in line 
and have, therefore, not been pursued. The first stage of the 
reaction ( [PeL (OH) ]-CN ) has been found to be slow compared to the 
other two stages of the reaction. But in the case of HIDA system 

it is found to be very slow compared to oxidation reactions of 

3- 

[Pe(CN)gJ with other aminocarboxylates in their respective systems. 

42 

The positive ammonium molybdate and thorium nitrate tests 
for the presence of [Pe(CN)g]'^ at the end of the reaction and a 
negative test at the beginning confirm that the oxidation of 
by the [pe(CN)g]^ formed during the second stage of reaction, 
does take place eventually. 

2“*n 

So the overall reaction of [FeL(OH)] with excess of 
cyanide can be divided into three distinguishable stages . The 
sequence of these three stages of reactions may be written as 
Firs-^ stage: 

[FeL(0H)2]^~ [PeL (OH) ] + Oh” (19) 

for L = HIDA only 

[FeL(OH)] + 5 Cn“ ^ [Pe (CN) ^Q h1^~ + L^~ 

(in 5 steps according to eqns . 13—17) 


( 25 ) 
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Second stage: 

[Fe(CN)^OH]^ + CN~ ^ [Fe(CN)g]^~ + 0 h“ (26) 

Third stage: 

[Fe(CN)g]^ + ^ [Fe(CN)g]'^ + oxidation 

products of (27) 

The rate constants for the 1*^ 2, 2"'=! stages are summarized in 

Table II. 8. 

The existence of an isosbestic point at 355 nm during the 
::ourse of reaction (Fig. 9 and 10) shows the conversion of [FeL(0H)]^“^ 
Z.O LFe(CN)^0Hj . A second isosbestic point around 320 nm in both 
zhe systems corresponds to a coexistence of [Fe(CN)g]^'’ and 

’Pe(CN)g]‘^”. 

The occurence of isosbestic points (preferably two and more) 

luring a repetitive scan of a reaction, strongly suggests that the 

)riginal reactant is being replaced by one or more products and 

43 

•Jnat these are always present in a strictly constant ratio. An 
■llustration of this is seen in the occureuce of seven isosbestic 
>oints in the relatively fast reaction of HgTPP with Zn(ll) in 
yridine (TPP = tetraphenylporphyrin) . These seven isosbestic 
oints show that HgTPP converts to ZnTPP without formation of 
ppreciable amounts of free TPP base which has different spectrum 
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r&bls II. 8. Rate constants fox vaxious stages of the xeactionsj 
Conditions as given in Table 11.3^ and Table 11.6^. 

L. [FeHPDTA(OH) + CN ; 2. [FeHIDA(0H)2]^~ + Cn“: 


= 1.07 X 10“^, 

k^ = 2.16 X 10 ^s ^ 

k^K^ = 1.23 X 


^4 ^3^2 “ 1*80 , m'’^s~^ 


k^K2K2K^ = 1.12 X 10^°, 


[Fe (CN)^0 h]^“ + 


l"- 

kr(=K"^k_4) ,s"^ 

hpdta'^” 

(6.1 + 0.2)xl0“® 

2- 

/ N -8 

HIDA 

(1.7 + O.DxlO 

[Fe(CN)^0H]^~ + CN~: 


k2 = 3.62 X 10“^, 

[Fe (CN) ^0H^“]=1 .0xl0'''^M 


[cn”] = (2.0-lO.O)xl0”'^M 
pH = 10.5, 1=0. 25M(NaCl04) 
Temp.i= 30 + 0.1°C 


4 


Ref. 47. 
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from either complexes. So it can be assumed that no appreciable 
amounts of reaction intermediates are formed during the course of 
reaction. 

It is interesting to note that a new low absorption band 
appears in the later stages of reaction at 600 nm, (X of 

Fe 2 (CN)^Q, € = 1600 M ^cm in case of HIDA system. This is 

attributed to the formation of [Fe 2 (CN) due to dimerization 

of [Fe(CN)^0H]^ . A scan in the 500 nm — 600 nm region at higher 
sensitivity showed a small but not insignificant increase in 
absorption due to formation of the dimer. This is further confir- 
med by the appearance of a blue colour in later part of reaction. 
This colour finally fades away, however# because the dimer ulti- 
mately converts to the almost colourless [Fe(CN)g] . A dimer 
formation has also been shown in similar systems studied earlier.’ 

II. 5. 7 Linear free-energy relationship 

An interesting feature of this work is the existence of a 
linear free energy relationship between rate constants and the 
stability constants of intermediates of the type [FeL(OH) (CN)^] 
(where x = 0,1,2 and 3) formed in the five step reaction of PeL' 

(L = HPDTA^ with cyanide ions. 

2““ii 

The forward reaction is first order in [FeL(OH)] and 
exhibits a variable order dependence in cyanide concentration 
(always taken in excess) . The species [PeL (OH) (CN ) ^ 
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where x = 3/2 and 1 are the reacting species corresponding to the 
first/ second and third order dependences in cyanide concentrations. 
The resolved rate constants for the first/ second and third order 
reactions are derived as follows. 


* k^[FeL(OH) (CN) 2 ^'*'^^~][cn’'] 

( 28 ) 

= k^K 2 [FeL( 0 H) (CN) 2 "][cn“]^ 

(29) 

= k^K 2 K 2 [FeL(OH) (CN)^“^][ cN~]^ 

(3 0) 


considering the pre-equilibrium in each step it is evident that 
the resolved rate constants for first, second and third orders in 
cyanide are k^/k^K^ and ^ 4 ^ 21^2 respectively. The reacting species 
corresponding to the fourth order dependence in cyanide is 
[FeL(OH)]^ ^ itself and the rate constants for the same is 

The plots of log k^ versus log (Fig. II. 11 to Fig. 

11.14) show explicitly the relationship between k^s (k^ ' = 
k^K 2 K 2 K^/ k 2 ' = k^' = k^K^ and k^ * = k^) and the respect- 
ive overall stability constants viz. ^j[]^ 0 '^lll*^ll 2 ^113 

of the intermediates/ reacting in the respective steps in order, for 

46 

different ligand systems viz. DTPA, HEDTA and EDTA. HPDTA also 
fits in to these linear plots though with some deviation (Fig. II. 11 

r -i2— 

to Fig. 11.13) . The rate of exchange of HPDTA on [FeHPDTA (OH) J 









log {k4 K3 K2) 



Log 

Fig. 11.13 Plot of log (k4 K3 K2) versus log (over- 
all stability constants) of [FeL(OH)(CN)] 
intermediates i.e. Log Pn 2 * 
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is found to be faster than the expected rate. This deviation 
from expected reactivities can be attributed to the requirements 
of the hydroxyl group and its effect on the course of reaction. 
The presence of the electron withdrawing hydroxyl group results 
in weakening of the metal-nitrogen bond and thus increase in the 
lability of the metal complex. 

The values for (overall stability constants of the 

intermediate reacting species) in terms of are formulated 

from expression (31) to (34) . 


^113 ^FeL(OH) (CN)^ 


(31) 

^112 "" ^FeL(OH) (CN)^ 


(32) 

^111 “ ^FeL(OH) (CN) 

= hhio 

(33) 

where = Kj,^l(Oh) 


(34) 


Another linear free-energy relationship has been verified 
between the rate constants, k^' with overall stability constants 
^Imn the intermediates viz. FeL(OH) (CN)^/ FeL(OH) (CN) 2 / 

FeL(OH) (CN) and lastly with the initial reacting species viz. 
FeL(OH), for each individual aminocarboxylate reaction. A linear 
plot for HPDTA reaction system is given in Fig. 11.15. In other 
systems like DTPA, HEDTA and EDTA (not shown) , studied earlier in 
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46 

our laboratory , the individual plots obtained for each amino- 

carboxylates have almost equal slopes but have different inter— 

21 

cepts . The data for overall stability constants of the inter- 
mediates along with first, second, third and fourth order rate 
constants are given in Table II. 9. Data for HIDA which shows only 
zero and first order dependences in cyanide can not be plotted in 
this manner. 


Interpretation of data: 

It has been shown in the foregoing that 

Forwartl rate = k^[FeL(OH) (CN) [cn”] 

= k4K^K2K^[FeL(0H)^~”][CN“]^ (35) 

Reverse rate = k_^[FeL(OH) (CN) 

= k_^K^^[Fe(CN)^OH^“][L’^“]/[CN"] (36) 

Equating both forward and reverse rates at equilibrium one gets^ 
k^K 2 K 2 K^[FeL(OH)^“”][CN”]^ = k_^K~^ [pe (CN) [l“”J/[cn-] (37) 


or ^ 4 K 3 K 2 K^ - 


k_4K^^[Fe(CN)^0H^ ][l^ ] 
[CN“]^[FeL(OH)^“^] 


multiplying and dividing by [Fe^'^][OH ] in numerator and denomi- 
nator of R.H.S. of equation (38) one gets 


Table II. 9, Evaluation of overall stability constants of the intermediates in the 

reaction of the HPDTA with cyanide and the corresponding rate constants 

(k‘) for individual steps. 
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J<-4K5nFe(CN)^0H^ ] [l”~] [Fe^~^ ] [0H~] 
[Fe^'^] [cn~]^[oh“] [FeL (oh) 


(39) 


’^-4^5^^5/^FeL(0H) 


(40) 


where 


[Pe(CN)^OH^“] 

^ [Fe^'*'][OH“][cN"]^ 


^FeL(OH) 


[FeL (OH) ^ 

[Fe^+ILL^^-JCOH-] 


(41) 


(42) 


From equation (40) one gets. 


K, 


k 3. 
r b 


^FeL(OH) '^4^3^2 


where k 

r 




(43) 


(44) 


The beauty of this expression (equation 43) is that one 

can calculate a value for which has not been possible by a 

kinetic procedure because the expected fourth order dependence in 

cyanide has not been experimentally observed (vide infra) . This 

also enables one to determine the fourth order rate constant 

^4^3^2^1 ^ combination of experimental rate data and 

equation (43). Table II. 8 includes the fourth order rate cons- 

r l3"“ 

tant for HPDTA system. The of [Fe(CN)^0Hj has been deter- 

30 

mined spectrophotoraetrically earlier in our laboratory. 
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Rearranging equation (43) and taking logarithm of both 
sides one gets equations (45) to (48) . 


log (k^K^K^K^) 

= log 

(KrSj) 

" ““S ^10 

(4^^ order) 

(45) 

log (k^K 2 K 2 ) 

= log 

<V5> 

- log 

(3^^ order) 

(46) 

log (k^K^) 

= log 

‘Vs' 

- log 

(2^*^ order) 

(47) 

log k^ 

= log 

'Vs' 

- log 

(1^^ order) 

(48) 


Equations (45-48) predict an inverse dependence of 'k.^K^K 2 on 
0111 > of on ^4 ^113 with a slope 

equal to -1 . This has been found t6 be the case as shown in 
Fig. II. 11 to Fig. 11.13. 

Equations (45-48) can be rewritten in the form of a general 
equation (49) . 


log = m log + C (49) 

where m(= -l) is the slope and C(= log k^^) is a constant. This 
general equation has been verified for DTPA/ HEDTA and EDTA and 
lastly for HPDTA system. 
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CHAPTER III 


KINETIC AND MECHANISTIC STUDY ON SUBSTITUTION 
OF AMINOCARBOXYLATES COORDINATED TO Mn(lII) 

CENTRE BY CYANIDE IONS 

ABSTRACT 

Kinetics and mechanism of the reaction of cyanide ions 
with complexes of manganese (III) with trans-l,2-diaminocyclo- 

4 — 

hexanetetraacetate anion (CYDTA ) , hydroxyethylethylenediamine- 
triacetate anion (HEDTA^ ) and ethylenediaminetetraacetate anion 
(EDTA ) have been studied spectrophotoraetrically at temp. = 25 C, 
I = 0.1-0.25M (NaClO^) and pH = 9.5-10.5. The forward reaction, 
always carried out in presence of excess cyanide, is found to be 
first order with respect to the metal complex and exhibits a 
variable order ranging from two to one in case of MnEDTA — CN 
reaction but only first order dependence in cyanide in the case 
of CYDTA and HEDTA reaction systems. 

The kinetics of reverse reaction i.e., the reaction between 
[Mn(CN)^]^'“ and EDTA*^”, CyDTA^” and HEDTA^“ (always taken in large 
excess) have also been followed specbrophctometirically • In all 
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the "thiree systems# the ireections follow a f ir*st“*“Oxdeir kinetics 
each in [Mn(CN)g ] and the respective ligand concentration and 
an inverse-'f irst““Order dependence in [CN ]* A six-step mechanism 
is proposed for the forward reaction where the fifth step is the 
ir 3 .te“de temnining one 4 The pH dependences/ ionic strength depen“ 
dences and temperature dependences have also been studied for 
all the three systems and rationalized. 


II. 2 Introduction 

The kinetics of substitution of multidentate ligands from 
their complexes of metal ions by monodentate or multidentate 
ligands has been an active area of research for some decades. 

Such studies have thrown valuable light on the mechanistic path- 
ways of this important class of reactions. The formation of 

tetracyanonickelate (II) from the reaction of aminopolycarboxylato- 

/ , 1-11 

nickelate(II) with cyanide ions has been studied extensively. In 
recent years, substitution reactions of aminocarboxylates on 

4 - 

[FeL(0H)]^~” complexes by cyanide lons^^"^”^ where is EDTA , 

13 - 4 _ 1 *^ 4 _ 6 — 2 —^"^ 

HEDTA^”*, DTPA^*”/ PETa"* , HPDTA , TTHA and HIDA have 

been investigated. The mechanism proposed for all these systems 

involves a five step reaction seguence leading to the formation 

of [Pe(CN)^0H]^“. 
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The exchange reactions on Jyin(III) have received but little 

attention except for a single earlier report on [MnCYDTA(OH) CN~ 

system by Hamm and Templeton. A similar system viz. [MnEDTA~ 

(oh) ] ~CN has been investigated in our laboratory and a different. 

tentative mechanism for the same has been suggested. This was 

followed by a more detailed study on two other similar systems in 

order to confirm the mechanism proposed by us.^*^ The [MnCYDTA- 
^ 2 — — 

(oh) J “CN system, which had been investigated earlier by Hamm 
1 8 

and Templeton , has been reinvestigated by us in the light of 

r T -19,20 ^ _2l 

our results on [MnEDTA (OH) J - CN and [MnHEDTA(OH) J-CN 

systems and is also shown to follow the same mechanism. Thus 

the proposed mechanism appears to be quite general for this class 

of reactions. ^ 

To the best of our knowledge, this is the first comprehen- 
sive study on ligand substitution reactions of arninopolycarboxylato— 
manganate ( III) complexes. 

III. 3 Experimental Section 

Na2H2CYDTA (AR, BDH) , HEDTA (AR, SIGMA, USA), Na2H2EDTA 

(AR, BDH), Mn(CH 2 COO )2 (Aldrich, USA), NaCN (May and Baker, England), 

NaClO. (E. Merck, Germany) have been used in this study. K^Lmu- 
4 22 

(CN) crystals have been prepared by a literature method. The 

° . 23 

sodium cyanide solutions are standardized argentometrically . 

For the preparation of complexes, ligands are always taken in 2oX 
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excess over the stoichiometric requirement. The concentxation 
of Mn in the complex is determined, by an iodometric method. 

NaOH or HClO^ is used to maintain pH at any desired value. 

It is ensured that all reagents are free from reducing 
substances . In particular, the dilute solution of NaOH, used 
for adjusting the pH, is tested each time before use by addition 
of a drop of 0.02M potassium permanganate. The absence of green 
colour shows absence of any reducing matter in the solution. 
Millipored triple distilled water is used throughout the experi~ 
mental work for preparation of solutions and rinsing of glass ware. 

A double beam Shimadzu spectrophotometer Model UV-240, 
equipped with a circulatory arrangement for thermostating the cell 
compartment, is used for measuring absorbances and for spectral 
scans of the reaction mixtures . An ultracryostat model 2 NBE 
(VED Kombinat, GDR) is used for maintenance of temperature at any 
desired value before mixing the reactants. All pH measurements 
have been made on an Elico digital pH meter model LI— 120 using 
BDH buffers for standardization. 

Ill, 4 Kinetic measurements 

4- 2 ^ 

MnClII) forms mononuclear i:l complexes with CYDTA , 

2 4 2 5 

HEDTA^”, and EDTA"^”* in the chosen experimental conditions. 

The names and structures of these ligands are given in Table III. 1, 
The protonation constants and the stability constants of these 
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Table Names and stxTJCtuires of aminopolycarboxylates 


L 


n— 


Name 


Structure 


Tranc-1 , 2-diaminocyclo- 
hexane N,N,N' ,N'— tetra- 
acetate anion. 


Hydroxyethylethylene- 
diamine triacetate 
anion . 


OOCH^C 

OOCH2C 



N 


CH2COO 

CH2COO’ 


HOH2C 

OOCH2C 


N.CH2.CH2.N 


CH2COO 


CH2COO 


E thy lenediamine tetra- 
acetate anion. 


OOCH2C 

OOCH2C 


N.CH2.CH2.N 


CH2COO 

CH2C0d 
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complexes, which are believed to exist in a heptacoordinated 
form in the solution phase, are given in Table III. 2. The 
major reactant species are the respective hydroxo species of the 

, ^ 31 31 

complexes above pH 8, pHjj’6 and pH jr 6 respectively for these 
systems in order while the cyanide is present as HCN (pK = 9.2)^^ 
and CN . The spectra of all the three hydroxy species are given 
in Fig. III.l. 

III. 5 Kinetics of Forward Reaction 

The reaction between [MnL(0H) ]^~^ and cyanide ions is 
thermodynamically favoured (stability constants given in Table I 11.2 b) 
and followed spectrophotometrically . The reaction conditions 
are: pH = 10.5 + 0.02, I = 0.25M(NaCl0 J , X = 448 nra (X 
[MnCyDTA(OH) ], € = 329 M“^cm“^) » pH = 9.5 + 0.02, I = O .lM(NaClO^ ) , 

X = 449 nm (X [MnHEDTA(OH) ] , £ = 312 M“^cm“^) and pH = 10.0 + 
0.02, I = O.lM(NaClO^) , X = 325 nm 6 £ = 3 x 10^ 

M"’^cra'"^)^^ for CYDTA, HEDTA and EDTA systems respectively. The 
forward reactions are carried out in presence of adequate excess 
of cyanide under pseudo~'first— order conditions. 

In the reaction of ethylenediaminetetraacetatomanganate (III) 
complex with cyanide ion, the former also absorbs at the chosen 
wavelength (325 nm) . So corrections are applied for absorbance 
of this species. An expression (2) is derived for calculation 
of concentration of A based on reaction (1) . 



Ill 


T 3 .bls III.^.A* Protonstion constants of SLrninopolyca.xboxylfitss 

at 25°c (log K^) , I = 0 . 1 M(NaCl 0 ^/KN 02 ) . 



HL 

H 2 L 

H 3 L 

H 4 L 

Ref. 

CYDTA^" 

12.4 

6.15 

3 .53 

2.42 

26,27 

HEDTA^” 

9.81 

5.41 

2.72 

- 

28 

4- 






EDTA 

10.34 

6.24 

2.75 

2.07 

28 


B. Stability constants for 
manganate (III) complexes 
I = 0.2M(NaCl04) . 

aminocarboxylato- 
(log K) at 25 °C, 

» n- 

h 

MnL 

Ref . 

cydta'^“ 

28.9 

29 

HEDTA^” 

22.7 

29 

EDTA^' 

24.9 

30 


Absorbance 


1.EDTA 

.2.CyDTA 

AHEDTA 


o.oL_ 

200 


Fig.ni.l 


00 

Wavelength (nm) 


,2-n 


Absorption spectra of [MnLOH] 
complexes j [MnL(0l#‘1= (1.0-6.0)xl5^M , 
pH = 10.0 ,temp.= 25°C. 
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o 

[MnL(OH) ] " + 6 CN ■ '■ [Mn(CN)g]^~ + + OH~ (1) 

'"a = <S=I-V/‘V^A> <2) 

where A s= [MnL(OH)] ^ B = [Mn(CN)-]^ ^ € and^» are their 

o"" A B 

respective molar absorbitivities and C ^ is the initial concen- 
tration of [MnL(OH) 

Pseudo -'firs't-'order plots are obtained in each system over 
about 60-70/. of the reaction. The pseudo- first-order rate const- 
ants are calculated from the slopes of plots of log c versus 

o 

time 't'# where is the concentration of [MnL(0H)j at any 
time t . The values of rate constants are compiled in Table III. 3 
for all the three systems. 

The reaction exhibits first-order dependence in cyanide 
in case of CYDTA and HEDTA reactions whereas a variable order 
dependence in [cN~], one at high and two at low cyanide concen- 
tration, is observed in case of EDTA. A plot of log versus 

log [cn”]^ for all the three systems are given in Fig. III. 2. 

This is for the first time that a variable order dependence 

on cyanide has been observed in ligand substitution reactions of 

2!"*n 

[MnL(OH)] by cyanide ions (L°' = EDTA^“) though similar obse^ations 
have been made on [nIl]^ - CN and [peL(OH) ] — CN 

reactions in earlier studies. An experimental rate expression 
formulated for the forward reactions is given in equation (3) . 
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Table III. 3. Effect of [cN ] on formation of[Mn(CN}gf from amino- 
carboxylatomanganate (III) complexes in presence 
of cyanide ions at 25 °C. 

A. [MnCYDTA(OH)^“] = (l. 5-4.0) x 


[cN lO^M 

’^obs' = 

^f"^obs/tCN ],M ^s ^,10^ 

8.0 

2.95 

3 .68 

9 .0 

3 .55 

3.94 

10.0 

3 .62 

3 .62 

15 .0 

5.01 

3 .34 

20.0 

6.82 ■ 

3 .41 


^f 

(av) =(3.60 + 0.2l.)xl0~^,M~^s~^ 

[MnHEDTA(OH) 

"] = (1. 2-2.0) X lo' 


6.0 

4.80 

8.00 

7 .O 

4.92 

7 .02 

8.0 

7.08 

8.85 

9 .0 

8.15 

9.06 

10.0 

8.81 

8.81 


^f 

(av) =(8.3 5 + 0.76 )x10“^,m“^s”^ 1 

pH = 10-5 + 

0.02, I = 0.25M(NaCl04) . 

PH = 9*5 + 

0.02, I = O.lM(NaClO^) . 


. . .contd. 


115 


Table III .3 (contd.) 


MnEDTA(OH)^~] = 

(2. 0-4. 2) X 10 


[CN~) , lO^M 

^obs' ® 


2.5 

3 .60xl0~^ 

5. 76x1 o”^ 

3 .75 

8.1 6x10““^ 

5.80x10“^ 

4 .1 

1.03xl0“^ 

6.13x10 ^ 

4 .6 

1 .15x10’*^ 

5 .44xl0~^ 

5 .0 

1 .39x10“^ 

5. 60x1 0”^ 


k^(av) 

= (5 .75+0.23) xl0“^,M~^s”^ 

6 .0 

1.50xl0”^ 

2.5 xio”^ 

7.0 

1. 62x10"^ 

2.31x10“^ 

CD 

• 

o 

1.75x10“'^ 

2.l9xl0~^ 


^ -2 

„ -2 

10.0 

2.13x10 

2.13x10 


k^(av)=(2.28 + 0.l4)xl0 ^,M 


= 10.0 + 0.02, I = O.lM(NaClO^) . 


C. pH 



116 



log [cn] 


Fig. in. 2 The cyanide dependence of observed 

pseudo-first -order rate constants for 
[MnL(0H3^" — CN" reaction. 

The conditions are given in Table III. 3. 


sqo 
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Forvard rate = , [MnL (CN) ^[CN 

= ( 3 ) 

where k^^^ = k^[cN ] / x = 4 for CYDTA and HEDTA systems and 

X = 4 or 3 for the EDTA system. 

I I 1.5.1 pH dependence 

The reaction rates of all the three systems have been 
studied in the pH ranges 8.5-11 .0» 8.0-9.75 and 8.5-10,5 for 
CYDTA, HEDTA and EDTA respectively. The forward rates are found 
to increase with increase in pH (Fig. Ill, 3) . This increase may 
be due to conversion of [MnL( 0 H 2 ) complexes to their respective 

hydroxospecies and/or due to the conversion of HCN to CN .In 
the higher pH range the rates are found to level off. This is 
because the dominant forms of the reactants, .at high pH, are 
[MnL(OH) and the cyanide ion. The dependence of pseudo-first- 

order rate constants on pH for all the three systems are compiled 
in Table III .4 . 

Th6 chang8S in raite with increase in pH in the stated ranges/ 
for L^“ =s CYDTA^“, HEDTA^~ and EDTa'^" respectively, make it possi- 
ble to resolve the rates due to [MnL(OH) ] species on the one 
hand and HCN and CN"" on the other. The resolution of rate const- 
ants has been done by the following procedure. 
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Fig. II 1. 3 Effect of pH on the for ward ^reaction of 

cyanide ion with [MnL(OH)] complexes. 
Reaction conditions are given in Table 1114 . 
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Table III. 4, Effect of pH on Hexacyanomanganate (III) formation from 
the reaction of aminopolycarboxylatomanganate (III) 
with cyanide ions. 


2 

[MnCYDTA(OH) 

] = 1.5xl0 

[CN 

]=2.0xl0 and 

I=0.25M(NaClO_ 

pH 

obs 

s-1 

’"f ' ''obs'^tcN ■ 

8.5 

1 .57 X 

10“"^ 

7.84 

-4 

X 10 

9.0 

1 .56 X 

io“^ 

7.84 

X lO”'^ 

9.6 

3.86 X 

10-" 

1.92 

X 10~^ 

10.0 

4.80 X 

lo”"^ 

2.40 

X 10“^ 

10,5 

6.82 X 

IQ-^ 

3 .41 

X 10“^ 

11 .0 

6.98 X 

10““^ 

3.49 

X lO”^ 

[MnHEDTA(OH) 

”]=2.0xl0“'^M, 

[cn“ 

']=9xlO~^M and 1= 

=0.1M(NaCl0^) 


3 .49 X 

-4 

' 3.88 

-3 

8.0 

10 

X 10 

8.4 

4.36 X 

io“'^ 

4.85 

X 10“^ 

8.6 

6.31 X 

lo"^ 

7 .01 

X 10“^ 

9.0 

7 .68 X 

10~^ 

8.53 

X lo”^ 

9.25 

8.27 X 

lo'"'^ 

9.19 

X 10“^ 

9.5 

8.15 X 

io“'^ 

9.11 

X lO"^ 

9.75 

9.14 X 

lo”^ 

1.02 

X lO”^ 


contd 
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Table III *4 (contd .) 

C. [MnEDTA(OH)^“]=l .2xl0“^M, 


pH 

k V , 

obs 

s-1 

8.5 

1 .0 X 

10-3 

9.0 

3 .80x 

10-3 

9-2 

6 .61x 

10-3 

9.5 

1 .77x 

lo"^ 

10.0 

2.23X 

lo”^ 

10.25 

2.50X 

lo”^ 


[CN ]=8.0xl0 and I=0.1M(NaCl0^) 

1.25 X 10*"^ 

4.75 X lO”^ 

8.26 X 10“^ 

2.21 X 10“^ 

2.79 X 10~^ 

3.13 X 10“^ 
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In the following expression [cn"]^ includes concentrations 
of both forms of cyanide (equation. 4) . 

kf[cN = k^(cN-)CcN~] + (4) 

The above equation (4) can further be transformed to equation (5) 
by the following step* 

k^([CN"] + K^^^[h'"][cn“]) = + kf(HCN)^CNl^^^^tCN"] 

or k^ = + ^f(HCN)^CN^^ ])/(! + 

At pH <9, ^ ^ equation(5) reduces to equation (6). 

^f “ ^^f (CN'”)'^^CN ^ ^ ^f(HCN) 

Plots of k^ versus i/[h'^] are linear as predicted by equation (6) 
(Pig. III. 4). The values of ^f(HCN) estimated 

from the slope and the intercept respectively. The calculated 
values of f ( Qjq- ) ari'i ’^f(HCN) three systems are given in 

Table III. 5. In all the systems the rate due to CN are found to 
be higher than those due to HCN. This is understandable because 
the former is a stronger nucleophile than the latter. It is also 
noted that the limiting rates of k^ are higher than the resolved 
rates due to [cN ] . This appears to be. due to the decomposition 
of [MnL(OH) coupled with the formation of [Mn(CN)g]^ 


in the 



X 10 
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1/M X 10® 



Fig. III. 4 Resolution of rate constants due to 
CN" and HCN for [VlnKOH)] -CN" 
reaction systems. 


xIO 
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Table III .5. 


Re s o 1 V ed rate 

[MnL(OH) ] 
k 

HCN 


[MnL(OH) ] 
constants^ k _ 

CN 

in the [MnL(OH) - 


and 

cn” 


reaction . 


L^" 


(CN y 

-1 -1 

M s 

CYDTA^~ 

2.5 

X 10 

6.8 X 

M 

O 

1 

HEDTA^"" 

3 .2 

X 10~^ 

1.25x 

10 ^ 

4- 

EDTA 

2.0 

-4 

X 10 

6 ,3 X 

10~^ 


Ref. 19,20, 
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presence of excess cyanide by this alternative path in addition 
to the main substitution reaction taking place in all the three 
systems. The decomposition of [MnL(OH)]^~” has been reported. 

III. 5. 2 Ionic strength dependence 

The forward reaction rates are found to increase with 
increase in ionic strength of the medium. The ionic strengths of 
the reaction medium are maintained each time before mixing, keep- 
ing pH, temperature and concentrations constant during a kinetic 
run. The forward rate constants for the reaction of [MnL(OH)]^~^ 
with cyanide ion follow the Bronsted-Bjerrum equation (7) . 

log k^ = log k^ + 1.02 Z^Zg/l"/(l + s/T" ) (7) 

where k^ is the specific rate constant , k^ is the specific rate 
constant at zero ionic strength, while Z^ and Zg are charges on 
the two reactant species. The rate constants at different ionic 
strengths are listed in Table III. 6. The value of calculated 

from the slopes of these plots (Fig. III. 5) agree with the expec- 
ted values for the rate— determining step envisaged in the mechanis 
tic scheme. This is an additional evidence in support of the 
postulate that the fifth step is the rate determining one in the 
six step mechanism proposed for the reaction systems (vide supra) 



Table III. 6 


Effect of ionic strength on forward, rate 
constants for [MnL(OH) - cn" reactions 

at 25°C. Other conditions are same as in 
Table III. 4. 


A . CYDTA 


4- 


B . HEDTA' 


C . EDTA ■ 


M(NaClO^) 

^obs* 

s”^ 

0.2 

4.9 X 

10-" 

0.25 

6 .82x 

io“^ 

0.30 

7.68x 

10-" 

0.34 

1.0 X 

-3 

10 

0.1 

8.l5x 

10-^ 

0,15 

1.29X 

lo”^ 

0.2 

1.40X 

lo”^ 

0.25 

1 .68x 

lo"^ 

0.07 

9 .96x 

io“^ 


0.09 

0.10 


1.44X 10 


-3 


2.34X 10 


-2 
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Fig, III. 5 Effect of ionic strength on forward 

2 n 

reaction rate for [MnKOH^ -CN 
systems. Reaction conditions are 
specified in Table III. 6 - 


-log 
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III. 6 Kinetics of Reverse Reactions 

The reverse reactions i.e. the reaction between 
[Mn (CN) g J and L (always present in large excess) have been 
carried out by adding crystals of K 2 [Mn(CN)g] into an alkaline 
solution of the ligand L . The reverse reactions are followed 
from the formation of the products i.e., [MnL(OH)]^“^ and follow 
a general rate expression given in equation (8) . 

Reverse rate = d[MnL (OH) ^"~*^]/dt = ~d[Mn(CN) g^^j/dt 

= k^[Mn(CN)^“]iL''"]/[CN"] = k^j^g[Mn(CN)^"]/[CN"] (8) 

where = k^LL"""] . 

An integrated rate expression for eqn, (8) can be derived in terms 
of the concentration of [MnL(OH)] and is given in equation (9) . 

A^ln ^ ^ ‘^-^obs-^/^ 

A 

00 

2— El 

where A represents the absorbance of the species [MnLCOH)] at 
infinite time, A^ at time t, 1 is the path length and €• is the 
molar extinction coefficient of [Mn(CN)g] . The inverse-first- 
order plots for [Mn(CN)g ] - reactions are shown in Pig.III.6. 
The rate constants for the same are compiled in Table III. 7 for 
CYDTA, HEDTA and EDTA systems. The observed inverse-first-order 
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XXI wV # XvXn 0 *tic$ of z'ovojTss ir0sc*tions 

Conditions: pH = 10.0 + 0.02, i = 0.1M(NaCl0- ) , 

[Mn(CN)g] = 5 X 10 temp.=:30+0.1°C. 


A. 

[CYDTA^ ] ,10^M 
'T 




1 .0 

8.21 

8.20 


1.5 

12.6 

8.41 


2 .0 

16.3 

8.13 




k^(av) = (8.25+0.l2)xl0"’^, s”^ 

B. 

[HEDTA^^lfp/lO^M 


s"^ k^,10^,s"^ 


9.0 

3.49 

3.88 


9.5 

3 .62 

3.88 


10.0 

3.82 

3.82 


20.0 

7.76 

3.81 




k (av) = (3 .85+0.03 )xl0”'^,s“^ 
r 

C. 

[edtI l^ao^H 

k’ ,10^,M 
obs 

-1 1 —1 
s k^,10-",s 


6.0 

1.05 

1 .75 


7.0 

1.12 

1.60 


. 8.0 

1.27 

1.59 


10.0 

1.62 

1.62 




k^(av) = (l .64+ 0.06)xl0”^, s“^ 
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dependence in cyanide leads to the important inference that a 
step pirc c©c3. tliG lB,st stsp xs i^9it©“ci0t0irrrijLrixnQ’* 


111*7 Tentperature dependence of Forward and Reverse reactions 

The rate constants for the forward reactions between 
[MnL(0H)j and cyanide ions have been determined for all the 
three systems (in the range of first-order dependence in [cN*"]) 
between 18—45°C and that of the reverse reactions over the range 
15— 35^C- Both forward and reverse rates are found to follow the 
Arrhenius equation (10) . 

Ink = - E /rT + In A (10) 

a 

The values of entropies of activations for the forward and reverse 
reactions are calculated from the Eyring equation (11) « 

^ h 

where all terms have their usual meanings. The values of the 
activation parame teres (aH ^ and as ^ ) for both forward and 

reverse reactions are listed in Table III. 8. 
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Table III. 8. Activation parameters 


Forward reactions: 


[MnL(OH) 


+ 6 CN 


[Mn(CN) ]■ 


+ + oh" 


•AH* ,kj mol ^ 


AS* ,JK”^mol ^ 


CYDTA' 


47.5 + 0.5 


-285 + 6 


HEDTA" 


43 .4 + 0.7 


-292 + 6 


EDTA 


42.8 + 0.7 


-277 + 5 


Reverse reactions: 


LMn(CN) 


+ L + OH 


[MnL(OH) + 6 Cn" 


CYDTA 

HEDTA^' 


93.6 + 0.6 


66.8 + 0.5 


-266 + 3 


-311 + 2 


EDTA' 


92.7 + 0.5 


-259 + 2 
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III. 8 Discussion 

Based on the experimental observations on the rates of 
forward and reverse reactions, a general six-step mebhanlsm Is 

proposed from equations (12-17) . 


[MnL(OH) ^ + 

cn“ 


[MnL(CN) + GH” 

( 12 ) 

[MnL(CN) + 

cn“ 

-* 5 :: 

[MnL(CN) 2 ]^“” fast 

(13) 


cn“ 

K 3 

— ijk. 

* 

[MnL(CN) 2 ]^“ fast 

(14) 

[MnL(CN) 2 + 

cn“ 

^4 



[MnL(CN)^] fast 

(15) 

[rinL (CN) 4 ] 

+ cn“ 

- ^ 
^’=-5 

[MnL(CN)^]^“’^^^"' r.d.s. 

(16) 

[MnL(CN)^] 

+ cn’ 


[Mn(CN)g]^~ + fast 

(17) 


where = CYDTa"^”, HEDTA^“ and EDTA^” 

A first-order dependence in [cn”] in case of CYDTA and 
HEDTA and a variable order dependence changing from, one at high 
to two at low [cn“] in case of EDTA have been observed. Observance 
of a variable order dependence in [CN ] points to the fact that 
step-wise substitution of L*' by the cyanide ions takes place 
while the ligand unwraps itself from the coordination sphere of 
Mndll) , Observation of higher order in [cN ] has not been 
possible because the reactions become too slow to be followed 
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experimentally at low enough [CN ] where these dependences might 
have been observed. A variable order dependence in case of 
substitution reaction on NiL^“^^ and PeL (OH) by cyanide 

has been observed earlier and interpreted to lead to the above 
conclusion. 

The rate expression for the reverse reaction can be deri- 
ved by applying steady state treatment to the intermediate viz. 
[MnL(CN)^]| produced in the rate~detennining step of the 

postulated mechanism. 


d[MnL(CN)^'^'^^^“]/dt = k^[MnL(CN)]^'^^^"][CN ] 

- k^[MnL(CN)^’^'^^^“] 

- kg[MnL(CN)^“'‘'^^“][cN~] 
+ k [Mn(CN)^“][L^“] = 0 


(18) 


[MnL(CN)^’^'*'^^“'j 


k^[MnL(CN)]^‘^^^ ][cn"] + k_g[Mn (CN)g ] [l" ] 


k . + k [cn“] 


(19) 


In presence of excess ligand the first term in the numerator of 
equation (19) can be ignored. The results on the forward and 
reverse rate study suggest that the sixth step is a fast one 
compared to fifth one and, therefore; the values of k^ and also 
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must be relatively small. Thus even though [cn“] may be 
small, 5<g[cN ] may still be quite large compared to k ^ which 
may be ignored in the denominator. With these assumptions the 
above equation (19) reduces to equation (20) . 

[MnL(CN)^ ^ ^ [Mn(CN)g ][l”~]/[cN~] 

6 

= K“^[Mn(CN)^“][L*'"]/[cN“] (20) 

where Kg = ^_ 5 /^g 

On substitution for concentration of [MnL(CN)^’^‘^^^“] in the rate 
equation for the rate—determining step of the reverse reaction# 
one finally ends up with equation (21) . 

rate = d[MnL(0H)^ "^j/dtr: -d[Mn (CN) g”]/dt 

= k [Mn(CN)^"][L^”]/[cN"] (21) 

Jm D 

where 

The above equation (21) is in conformity with the observed rate 
law for the reverse reaction ( equation. 8) . The observed first 
order dependence in cyanide concentration for forward reactions 
coupled with the observation on the reverse reaction leads to 
the proposition that the first four steps are very fast and a 
stable 1 : 1:4 intermediates viz. [MnL(CN) 4 ]^"’^ forms instantaneously 



135 


in each case. One cyanide reacts with [MnL(CN) 
to produce L.!nL(CN)j_]'"+2>- in the rate-determining step 
( equation. 16 ) . The second order dependence at low [cn"] in case 
of EDTA reaction is also understandable because/ as the concen“ 
tration of cyanide decreases the reactant becomes [MnL(CN) 2 ]*^” 
which accounts for this observation. Hiqher order dependences in 
cyanide could not be observed because the reaction become too slow 
for dependable measurements though variable order in cyanide, order 
varying from three to one, have been observed in the reaction of 
Feb (OH) with cyanide 

Another support to the proposed mechanism comes from the 
magnitudes of activation parameters. The activation enthalpies for 
the forward reactions in every case is considerably lower than 
that for the reverse reactions (Table III. 8) . A large decrease 
in entropy of activation (as"^ ) for the forward reactions is 

observed for all the systems investigated, which points to an 
associative mechanism rather than a dissociative one and is 
consistent with the rate-determining step (equation 16) in the 
proposed mechanism. 

The first order plots of log versus time ’t' under 
pseudo-first— order conditions for the forward reactions show 
deviations (not shown) from linearity which are positive in each 
case. This cannot be due to reversibility alone because in 
presence of excess cyanide the reverse reaction can not occur to 
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any appreciable extent. So it is reasonable to suppose that the 
observed deviations are probably due to occurence of some other 
reaction (s) involving the LMnL(OH) complexes. One such 

reaction is the slow dissociation of [MnL(OH) complex during 

a kinetic run. 

Repetitive scans of the forward reactions for all the 
three systems viz. CYDTA, HEDTA and EDTA, are given in Fig. Ill .7, 
Fig. III. 8 and Pig. III. 9 respectively. In each system, a peak 
appears at 325 nm, which is due to formation of [Mn(CN)g]^”. The 
height of the peak increases upto 60-70/. of expected theoretical 
value and then decreases in the later part of the reaction. The 
rates of formation and decomposition of [Mn(CN)g]^*’ in case of 
MnCYDTA(OH) ~ CN reaction, are comparable, but the peak shifts in 
case of HEDTA and EDTA systems are quite evident. The decrease 
in peak height at 325 nm (in the later stage) is attributed to 
the slow decomposition of [Mn(CN)g] even in presence of relati- 
vely high [cn""] under the chosen conditions. The instability 
of [Mn(CN)gl'^ has been reported in literature. One more peak 
observed between 260—270 nm at the beginning of the reactions due 
to [MnL (OH) species, shifts towards 230-250 nm. This shift 

is due to release of the particular ligand(s) , which have 
absorption bands in this vicinity. In all the three systemstwo 
isosbestic points have been observed, one around 380 nm and other 
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200 300 400 500 600 


Wavelength (nm) 

Fig. III. 7 Repetitive scans of the reaction mixture 
during a typical kinetic run at 25°C. 

[Mn CyDTA(0H)^]=1(J^M, [CN^’ 0.1 M, 
pH =10.0 ±0.02 and 1= 0.1 M .(NaCl 04 ) . 
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200 340 540 

WAVELENGTH (nm) 

Fig, III. 8 Repetitive scan of the reaction 

mixture during a typical kinetic 
run at 25°C; [Mn HEDTA(0Hr]= 

1.38 X 1(J^M i [Ct{] = 9x pH = 9.5 
±0.02 and 1= 0.1 M (NaCl04) . 
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200 
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Fig. Ill, 9 Repetitive scans of the reaction mixture 
during a typical kinetic run. 

[Mn EDTA«)H)^'>1.2 x 10^M , [cfCl*8x10^M ^ 
pH =10.0, I = 0.1M and at 25®C. 
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around 310 nun depending on the ligands used. These are due to 

coexistence of [MnL (OH) [Mn(CN)g]3- during the course 

of reaction. 

Finally, some comment on the mechanism proposed by Hamm 

18 — 

and Templeton for MnCYDTA — ON reaction , referred to in the 
introduction, will be in order. Their mechanism is given below. 

k 

[MnCYDTA ( OH) + CN [MnCYDTA ( ON) + Oh" (23) 

^-1 

■ 2 "’ "i — 

LMnCYDTA(CN) j + CN [rtoCYDTA(CN) (24) 

[MnCYDTA (CN) 2 ]^“ + 4CN" [Mn(CN)g]^“ + CYOTA*^” (25) 

Their forward data plotted as log versus log [cN ] exhibit 

a first order dependence in cyanide which is in agreement with 
the results obtained by us. But these workers did not investigate 
the reverse rate, which could provide valuable clues for identi- 
fying the rate-determining step. 

With only forward rate data at their disposal, they could 
not possibly propose the plausible mechanism suggested by us. 

The observed second and first order dependences in [CN ] is not 
an outcome of a two step process leading to the rate-determining 
step (equation 25) as proposed by them. On the other hand, these 
dependences are logical consequences of the reactions of mixed 
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ligand complex intermediates [MnL (OH) (CN) - ] and [MnL(OH) (CN) 1 

3 4 : 

with the cyanide ions leading to the rate—detenuining step 
(equation 15) in a six step sequence. 

At the risk of repetition it is stated that the effects 
of temperature and ionic strength lend additional support to the 
mechanism prt'posed by us. Further it may be reemphasised that 
this mechanism may prove general for this class of reactions. 
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CHAPTER IV 


STUDY ON KINETICS AND MECHANISM OF LIGAND SUBSTITUTION 

REACTIONS OF AMINOCARBOXYLATOPALLADATE (ll) COMPLEXES 
WITH CYANIDE IONS BY STOPPED FLOW TECHNIQUE 

ABSTRACT 

Kineti.cs and mechanism of the reactions of [PdL(OH)^]^ ” ^ 
with cyanide ions have been studied by stopped flow technique 

ri**' Ac ***“ 2.*^ 

(L = EDTA , E thy lenediamine tetraacetate anion and IDA / 

Iminodiacetate anion) . The reactions between [PdEDTA(OH)] or 

[PdIDA] with cyanide ions are studied under pseudo-first-order 

conditions at 350 nm of PdEDTA(OH)] and at 330 nm 

PdIDA), pH = 11.5 and 11.0 respectively for the two systems. The 

other conditions are I = O.lM(NaClO^) and temp. = 25 + 0.1 C. 

The forward reaction of PdEDTA(OH)-CN" system shows a 
variable order dependence in cyanide ions, and the order changes 
from one at high cyanide concentration to zero at low cyanide 
concentration. On the other hand, only a first order dependence 
in cyanide ions is seen in case of PdIDA. Both the reaction 
systems are found to exhibit a first order dependence with respect 
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to the corresponding metal complexes. The reverse reaction is 
thermodynamically unfavourable and has not been observed in spite 
of repeated efforts even in presence of large excess of ligands. 

IV. 2 Introduction ' 

Among the substitution reactions of square planar complexes 

those of platinum (II) have received maximum attention. A brief 

survey of literature on ligand substitution reactions of Pd (II) 

has been given in chapter I.l. some relevant examples are also 
4—6 

cited here. The kinetics of fast substitution reactions of 

square planar complexes had to await the discovery of techniques 
like stopped flow, pressure-jump and temperature— jump. The square 
planar substitution reactions have been investigated to a much 
lesser extent than the octahedral complexes. 

An excellent review has been attempted on reactions between 

7 

aminopolycarboxylatonickelate (II) complexes with cyanide ions. 

Reactions of square planar complexes of Ni(Il) with cyanide ions 

8 9 

has been carried out by Billo. Hynes and Brannick have investi- 
gated the kinetics and mechanism of the reaction between dithio- 
carbamate complexes of Pd (II) and cyanide ions. After a long 
lapse, ligand sxibstitution reactions of Pd(ll), coraplexed to both 
monodentate and multidentate ligands, have been studied in our 
laboratory. An investigation of the kinetics and mechanism 


i 


147 


of reactions of PdPAR{OH) (Par = 4- (2-pyridylazo) resorcinol) with 
cyanide ions has been carried out recently^*^ using stopped flow 
technique and a four step mechanism has been proposed for the 
same. Kinetics and mechanism of the reactions of PdIDA with 
EDTA and TTHA have been investigated and a two step mechanism has 
been proposed. 

The subject matter of this chapter is the description and 
interpretation of the results of the substitution of aminocarboxy- 
lates complexed to Pd (II) by the monodentate cyanide ions in our 
pursuit for better understanding of square planar siobstitution 
processes . 

The [PdL(OH)^]^ ^ - CN reaction system# can be represen- 

ted by equations (l) and (2). 


[PdL(OH)^] 


2-n-x d 


> [PdL]^ ” + xOh“ 

/I 


( 1 ) 


-CN 


k 

+cn“ 


[PdL(OH)^] 


2— n-x •" 


+ 4CN 


■> [Pd (CN) . + xOh“ 


( 2 ) 


where = EDTa"^*” and IDA^ i x = 1 and 0 for EDTA and IDA 

respectively and are the experimental rate constants for 

the forward reaction in each case. Pd(CN)^ xs the end product 
in both the cases. However, reaction (l) does not take place xn 
case of PdlDA-CN” system because the hydroxy group xs nonexxstent 

in the complex itself. 
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IV -3 Experimental 

Unless stated otherwise, reagents of AR (BDH) grade have 

been used. The stock solution of [PdCl^]^“ is prepared by a 

12 

literature method and standardised gravimetrically using 

13 

dimethylglyoxime. The mono complexes of Pd (II) are prepared 

by mixing solutions containing stoichiometric amoxints of [PdCl^]^~ 

with recrystallized disodium salt of ethylenediaminetetraacetate 

or iminodiacetate anion. Tetracyanopalladate (II) is prepared 

by taking palladous chloride and potassium cyanide in stoichio- 

14 

metric amounts as the starting materials. Sodium cyanide (May 

15 

and Baker, England) is standardized argentometrically . HClO^ 

(E. Merck) or NaOH is used to maintain the pH at any desired 
value. NaClO^ is used for maintaining ionic strength. 

A stopped flow spectrophotometer model SF— 3A from Hi— tech 
(England) equipped with a storage oscilloscope model OS— 768S (ECIL, 
INDIA) and model DSS 6521 digital storage oscilloscope (Kekushi 
Corporation, Japan) are used for the study. A polaroid camera is 
used to record the kinetic traces. A digital pH meter model LI 120 
(Elico, India) is used for all pH measurements, BDH buffers are used 
for standardization of pH meter. A Shimadzu doxible beam spectro- 
photometer model UV-240, with a circulatory arrangement for thermo- 
stating the cell compartment, and an ultracryostat model 2 NBE 
(VEB Kombinat Medizin and Labortechnik Kombinatsbetrieb , GDR) are 
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used to maintain the temperature of the reactants. Triple 
distilled vater is used for the preparation of the complexes and 
rinsing of glass ware. 

IV. 4 Results 

IV. 4.1 Kinetic Measurements 

12 

Pd (II) forms mononuclear i:i complexes with EDTA^” and 
IDA in the chosen experimental conditions. The names 

and structures of the aminopolycarboxylates are given in 

Table IV. 1. The protonation constants of the ligands and stability 
constants of the metal complexes concerned, are given in Table IV .2 
The absorption spectra of PdEDTA(OH) and PdIDA are given in Pig. 

IV, 1, The species involved in the reaction conditions arc 

<*>. .. y. , . .. - 

[pdL(OH) ] on the one hand whereas cyanide (existing mainly 

as CN~) on the other. 

The reaction between [PdL(OH) and cyanide ions has 

been followed spectrophotometrically at X = 350 nm and 330 nm by 
stopped flow techniques. The reaction conditions are: = 11 .5 + 

0,02 for EDTA, and pH *= 11.0 + 0,02 for IDA systems. The other 
conditions are I =* O.IM (NaClO^) and temp, = 25 C. A spectral 
scan of PdEDTA(OH)“CN"' system is shown in Fig. IV ,2. Oscillograms 
show simple kinetic traces for PdIDA-CN" reactions (Fig. IV.3) 
taken with the help of a SSil digital storage oscilloscope coupled 
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Table IV. 1. Names and structures of the aminocarboxylates . 


l"" 

Name 

Structure 


EDTA^” 

E thy lened famine- 

""00^20. 

^CH^COO 


tetraacetate ion 

y N.CH2.CH2.N<' 

~00Cii^C 

CH2C00~ 

IDA^“ 

Iminodiacetate 

^2000” 

HN<^ 



anion 

^ CH2COO~ 
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Table IV. 2. A. Protonation constants (log K^) of the 

aminocarboxylates . 


L“ 

4- 

HL 

CM 

H 3 L 

H.L 

4 

Ref 

EDTA 

10.34 

6.24 

2.75 

2.07 

17 

2- 

IDA 

9.34 

2.61 

1.82 


18 


B • Stability constants (log iC) of the aminocairboxylato — 
palladate(II) complexes at 25‘^C and I=0.lM(NaCl0^) . 


l”" 

PdL 

PdHL 

PdH2L 

Ref 


b 

a 

a 


EDTA 

18.5 

3.1 

0.9® 

12 

2- 

IDA 

a 

9.62 

0.75 


16 

= l.OM 

and temp. = 

20°C. 




0,2m 
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Fig.IVJ Kinetic traces of reactions between 

PdIDA and cyanide ions at pH=11.5(A) 
and pH = 11.0(B). Other conditions are 
as given in Table IV. 4 
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to the stopped flow apparatus. In case of PdEDTA-CN” systems 
also, similar traces are obtained (not shown). In both cases/ 
pseudo-first-order plots are obtained. 

IV. 4 Reaction of [PdL(OH)^]^"^“^ with cyanide 

The rate of formation of tetracyanopalladate (II) ion are 
found to be first order in PdEDTA(OH) and PdIDA and show a vari- 
able order dependence in cyanide concentration in case of EDTA 
systems where the order in cyanide varies from one to zero at 
high and low cyanide concentration respectively. However, the 
observed order is only one for the IDA system. The zero order 
dependence in cyanide concentration in case of PdEDTA(OH) complex 
indicates a slow release of the hydroxyl ions from [PdEDTA(OH) ] 

complex (equation. 1) followed by the reaction of [PdEDTA] with 

2— I 

cyanide to give Pd(CN)^ (equation 2). In case of IDA conplex 

reaction presented by equation (l) does not occur. Thus the 

can be expressed by equation (3) . ( 

^ ,^PdEDTA(OH) ^ (3) i 

obs d 5 

where k, and k' are found to be 0.33x10 ^s ^ and 1 .88x1 O^M ^res' 

d ' ■ 

pectively. The various pseudo-first— order rates constants are given i 
in Table IV. 3. A plot of log k^j^^ versus log[CN (Fig. IV .4) 
shows the effect of cyanide concentration on the reaction rate. 
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Table IV. 3. Effect of cyanide concentration on the forward 
rate constants at 25 °c. 

A. LPdEDTA(OH)^"] = (5.0 - 8.0) x 10"\, 

PH = 11.5 + 0.02 and I = O.lM(NaClO^) . 

B. [PdIDA] = (4.0 - 8.0) x 10 pH = 11.0 + 0.02 
and I = O.lM(NaClO^) . 

A. [PdEDTA(OH) ]-C n" B. [PdIDA]-CN” 


[cn“]^, m 

’‘obs- = ^ 

^obs ' 

1.0 X 10~^ 

3.38* 


2.5 X lO""^ 

3 .38* 


3.Q X lO"^ 

- 

3 .01 

4.0 X lO”^ 

3.38* 


5.0 X lO"^ 

_ 

3 .89 

6.0 X 10““^ 

4.38 

— 

7.5 X lO*"^ 

4.84 

5.27 

9.5 X 10~^ 

5.76 

6.40 

1.5 X 10~^ 

5.92 

6.62 

Zero order 

in cyanide. 




1 % 



Fig. IV. 4 Effect of cyanide concentration 
on the forward rate constants. 

Conditions are given in Table IV.3. 
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IV. 4 .2.1 Dependence of pH on forward reaction rates 

Both the reactions have been studied over the pH range 9.0- 
12.0 and in the concentration range where order in [CN~] is one. 
The rate constants are found to increase with decrease in hydrogen 
ion concentration and then level off at higher pH (Fig. IV. 5) . 
This behaviour is due to different reactivities of the unproto- 
nated and protonated forms of cyanide with the reactants. The 
dependences on pH is given in Table IV, 4 for both the systems, 
species distributions of unprotonated and protonated form of 
PdIDA complexes as a function of pH is shown in Fig. IV. 6, The 
resolution of rates due to HCN and CN with PdIDA has been done in 
the pli range 9.5-11.0 where palladium complex exists mainly as 
PdIDA. The procedure for the same is outlined below. 

Rate = k^[pdL][cN"]^ (4) 

PdL PdL 

or Rate = (k [cn"] + k [hcn]) [Pdb] 

CN HCN 


PdL PdL . _ ^ 

(k [cn”] + k ^SicnI^^ 

CN HCN 

PdL PdL r r ir -T 

^CnI^^ [PdLjLCN ] 

CN HCN 


Comparing eqn. (4) and eqn. (5), eqn. (6) is obtained 


kf([CN"']^/[cN']) = 


PdL PdL 

k + k K [h ] 
CN HCN HCN 


( 6 ) 



log kf 
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2.60 


2.56 


2.52 


2.48 


2.44 


2.40 


2-36 


2.32 



9.0 9.5 10.0 10 . 

pi 

Fig.IV.5 Effect of pH or 
PdL(0H)3^“^“- 
are given in 


2.84 


2.80 


2.76 


2.72 


2.68 


2.64 


2.60 
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Table IV, 4. Effect of pH on the rate constants of 

[PdL(OH)^] ^ - CN reaction at 25 °C 
and I = O.lM(NaClO^) . 

3 

A. [PdEDTA(OH) ] = 8.0 X [cn"] = 1 .5 x lo'^M 


B. [PdIDA] 

= 8.0 X 10 

[CN ] = 7.5 X 10”^M 

pH 

h , , s ^ 

obs 

10~^,M 

9.5 

3 .48 

2.32 

9.7 

3 .51 

2.34 

10.0 

4.15 

2.77 

10.25 

4 .27 

2.85 

10.7 

4.61 

3.07 

11 ,0 

4 .79 

3 .19 

11 .5 

4.75 

3.14 

11 .85 

4.94 

3.29 


pH 

^obs^ ^ 

10 

9.0 

3.95 

4.33 

9.5 

3.99 

5.32 

10.0 

4.89 

6.52 

10.6 

5.18 

6.91 

11 .0 

5.26 

7.01 

11 .5 

5.29 

7.01 




Total cyanide concentration can be written in terms ot its proto- 
nated and unprotonated forms as: 

[cn“]^ = [CN~] + [hcs] = [cN‘](i t , . (7) 

or [cN-]/[cN-] = 1 t (g, 

putting equation ( 8 ) in equation ( 6 ), equation ( 9 ) is obtained. 




PdL PdL 

= k + k K [h'^] 
CN HCN HCN 


(9) 


r 4. PdL 

By plotting LHS of eqn.(9) vs. [ h"^] (Fig. IV. 7 ) k and k can 

oCN HCN 

be calculated. These are found to be 7.06 x 10"^ (M '^s ■^) and 
2 “i —1 

2.13 X 10 (Ms ) respectively for L = IDA. Resolution of rates 
for PdEDTA ( OH ) “CN reaction has not been possible due to lack of 
information about the stability constants of PdEDTA (OH) complexes. 


IV. 4. 2. 2 Dependence of ionic strength on the Forward rate 

The rates of forward reaction increases with increase in 
ionic strength (Table IV .5). The value of Z^Zg obtained from the 
slope of plot of versus /T”/(l + s/Y~) (I = Ionic strength) are 
close to 4 and 2 for EDTA and IDA respectively (Fig. IV. 8) . 


IV. 4 .2.3 Activation parameters 

The forward reaction for both the systems are studied over 
a temperature range of 25-45°C. The activation parameters for 


1+K 
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Table IV. 5. 

Effect of Ionic 
reaction at 25°C 

strength on the rate of forward 

• 

A. 

[PdEDTA(OH) = 

and pH = 11.5. 

8.0 X 

10 [CN ] = 1.5 X 10 

B. 

[PdIDA] = 8.0 X 
pH = 11.0. 

10“^M, 

[cn“] = 7.5 X 10“^M and 


I,M(NaClO)^ 

k , 
obs 

—2 —1 —1 
k^.lO s 

A. 

0.08 

4.61 

3 .07 


0.1 

4.89 

3.26 


0.15 

6 .58 

4.39 

B. 

0.1 

5.27 

7.03 


0.-15 

5,59 

7.45 


0.20 

9.65 

12.87 



I6i* 



I I I I 1 I I I I I I I I 

0.20 0.22 0.24 0.26 0.28 0.30 0.32 


/rAl+'H') 

Fig. IV. 8 Effect of ionic strength on the rate of 
forward reaction. The reaction condt- 
-tions are given in Table IV. 5. 
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both the situations i.e» where the order dependence in [cN ] is 
one and zero, are determined. Data are given in Table IV. 6. 


IV, 4. 3 Kinetics of Reverse Reaction 


The reverse reaction between Pd(CN)J and (l““ = EDTA^‘ 

2 — 

and IDA ) taken in large excess has not been possible even at 

a higher temperature of 50°c. This may be due to the large 

difference between the stability constants of the reactants and 

12 

products. (Kp^EDTA = . -4 .55 

[Pd(CN) ]^~-10^^ 


16 


^PdlDA " 


and 6^ for 


IV. 4, 4 Discussion- 

The kinetic data in case of PdEDTA(OH) giving rise to zero 

order dependence in cyanide can be explained if a slow dissociation 

of PdEDTA(OH) is asstamed according to eqn. (1) (vide infra) . The 

order dependence in cyanide in case of edta at higher 

concentration has been found to be only one whereas in IDA 

case only a first order dependence in [CN ] has been found. An 

unequivocal mechanism for the substitution reaction based only 

on the forward rate data is not possible. But some cpuidance is 

available from the studies of few similar systems studied earlier, 

Sxibstitution reactions on Ni(Il) centre represented by eqn.(io) 

7,21-26 

have been studied extensively. 
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Table IV.6. Activation parameters for the forward reactions. 
A. [PdEDTA ( oh) — CN system; 


AH*'(kJ mol”^) 


Zero order 
15.1 + 1.1 



(JK ^ mol 

-235 ; 

B. [PdIDA]-CN" 

system: 


AH 

(kj mol 


AS 

(JK ^ mol 



First order 
10.2 + 1.4 
-191 + 2 


37.9 + 2.5 


-191 + 2 
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NIL + 4 CN Ni(CN)^ + L (10) 

(L = Aminocairboxyla.tes » poly amines and. macirocyclic ligands) 

The forward reactions show a variable order dependence in cyanide 
ions. The reverse reactions, on the other hand, exhibit an 
inverse first order dependence in cyanide. The study of kinetics 
of forward and reverse reactions makes it possible to propose a 
four step mechanism (eqn. 11~14) in which the third step is the 
rate-determining one. 


[NiL]^”’^ + CN"' 

1 

^ 

[NiL(CN) 

fast 

(11) 

[NiL(CN)]^“” + CN"” 


[NiLCCN)^]^” 

fast 

(12) 

[NiL(CN)2]’^’' + CN~ 

K 

r _(n+l)~ 

[NiLCCN)^] 

r.d.s. 

(13) 

r ^ ^ _(n+l)- _ 

[NiL(CN)2] + CN 


^ 2- 
[Ni(CN)^] + L 

fast 

(14) 


Other evidences such as activation parameters and the effect of 
ionic strength provide further support to this mechanism. 

Of late, studies on exchange of aminocarboxylates complexed 
to Pedll)^®”^^ (chapter II) and Mn(III) centres^^’’^'^ (chapter III) 
by cyanide ions show the occurence of a five step and six step 
sequence respectively where the step preceding the last step is 
the rate-determining one in each case. 
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More recently, sxibstitution reaction between Par (Par = 

4— (2— pyridylazo) resorcinol) complexed to Pd (II) by cyanide ions 
has been studied in our laboratory.^® Both the forward and 
reverse rate studies again show the penultimate step to be the 

the four step mechanism proposed. 

With this information and back ground at our disposal, 
we venture to suggest a mechanism for PdL— CN exchange reactions 
(L = EDTA and IDA) on similar lines which is given from equations 
(16-19) . 


1-n 


2-n 


[PdL(OH)] — > [PdL] + oh' 


A 


-CN 


+CN 

(fast) 




[PdL(OH)]^ CN 


K. 




[PdL(CN) + oh' 


[PdL(CN)]^ ^ + CN 


'r 


K„ n- 

— [PdL(CN)^] 


[PdL(CN)„] + CN~ [PdL(CN)- J 

-3 


K, 


[PdL(CN)2] + Cn"" — ^ [Pd(CN)4]^" + 


fast 

fast 

r .d.s 

fast 


(15) 


(16) 

(17) 

(18) 

(19) 


Reactions involving slow dissociation of hydroxyl ion in the 
first step (similar to equation 15) has been shown to occur in 
FeHIDA(0H)2'"CN’’ and FeTTHA(OH) 2 “Cn'” reaction systems investigated 
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30 32 

earlier by us. ' In case of EDTA reaction this is expected 
because bond breaking is involved in eqn. (15) whereas in case of 
eqn.(18),the process is associative. The effect of ionic strength 
on the forward reaction rates gives a value of 4 for EDTA 

and 2 for IDA systems. Both the values are found to be consis- 
tent with the rate-determining step in the proposed multistep 
mechanism. So it can be said with some confidence that the 
proposed mechanism may indeed be valid for the systems under 
investigation too. 
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CHAPTER V 


KINETICS AND MECHANISM OF OXIDATION OF POLYALKYLENE- 
POLYAMINES BY HEXACYANOFERPATE ( III) 

ABSTRACT 

The kinetics of the reaction between polyalky lenepoly- 
amines (abbrev. P) viz. Diethylenetriamine (Dien) , Triethylene- 
tetraamine (Trien) ' .and Tetraethylenepentaamine (Tet) have been 

investigated spectrophotometrically at 420 nm (X of [Fe(CN),] ) . 

msiixi vD 

The reaction conditions are:pH = 10.5# I = O.IMCKNO^) and temp. = 

30 + 0.1°C. The reactions exhibit first-order dependence each 
in hexacyanoferrate (III) and the respective polyalkylenepoly— 
amines (P)# second order overall. The rate expression is given by 

-d[Fe(CN)^"]/dt = k 2 [Fe(CN)^"][p]^ (1) 

The rate constants increase in the pH range 8.5 — 11.85# for all 
three reactions. The reactive species in the above pH range are 
[Pe(CN)g]^ on the one hand and H 2 P^"*'/ HP and P on the other. 

Prom the pH dependence data# it has been possible to resolve the 
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rate constants due to reactions of [Fe(CN)^]^” with P, HP'*' and 

o 

2 + 

H2P in all the three cases. The effect of ionic strength is 
found to be negligible at the chosen reaction conditions. The 
activation parameters are also evaluated and have been cited 
in support of the proposed mechanism. An electron transfer from 
[Fe(CN)g]^ to the substrate (s) , during the oxidation of the 
latter/ is proposed. The stoichiometry of the reactions between 
polyalkylenepolyamines and [Fe(CN)g]^~ is found to be i:i for 
each case. 

V .2 Introduction 

Oxidations of aliphatic primary/ secondairy and tertiary 

amines by various oxidants have been investigated and reviews 

1 2 

covering the oxidation of amines have appeared before. * Some 

reactions of this class are cited here as examples. Oxidations 

of CH^ . (CH2)y *^^2 and CH^ . (CH2) ^2 *^2 3 / 4 -disubstituted/ 

3 

1— methylpyrimidol 4 — deazotoxoflavins have been studied. PdCl2 

4 

and AuCl_ are known to oxidise primary amines. Oxidations of 

'>5 

aliphatic secondary amines viz, (R.CH2 •CH2) 2 (R=Et/ Pr) by 

5 . 6 

peroxydisulphate have been reported. chaltykyan and Beiteryan 
have investigated oxidations of Et^N by benzoylperoxide. Kovtun 
et al.^ have studied the oxidation kinetics of Et^N and Bu^N by 


molecular oxygen. 
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3 Q 

Oxidants viz. rutheniumtetroxide / sodiumpercarbonate , 

azohydiroperoxide^*^ and diphenylselenic anhydride^ ^ have been 
used for amine oxidations . Ruthenium promoted oxidation of 
amines has been investigated by Taxibe.^^ Recently, oxidation 
of aliphatic amines by MnO^“ ion has been attempted. But to 
the best of our knowledge the oxidations of polyalky lene poly- 
amines have not been attempted so far. 

For the last few years investigations on sxibstitution 
reactions of mono (aminocarboxylato)hydroxoferrate (III) complexes 
with cyanide ions have been carried out in our laboratory. 

A three stage reaction sequence has been proposed for this class 
of reactions as given below: 

First stage : Formation of [Fe(CN)^OH]^ from [FeL(OH)]^ ^ 

Second stage: Conversion of [Fe(CN)^OH] to [Fe(CN)g] 

Third stage '.Oxidations of (polyaminocarboxylate anions), 

r i3““ 

released in the first stage, by the [Fe(CN)gJ 

4 - 

Oxidation reactions of polyaminocarboxylate anions vxz. EDTA , 

19 

EGTa"^"* and IDA^” with the oxidant [Fe (CN) have been investi- 

gated by other workers earlier whereas oxidation kinetics of 

. . n 1- ^ 20 

DTPA has been carried out in our laboratory . 



176 


We intend to study the reactions of cyanide ions with 
polyalkylenepolyaminoferrate (III) complexes. During preliminary 
investigation we noticed that hexacyanoferrate (III) produced in 
the reaction (second stage) oxidises polyamines. It is known 
to oxidise the polyaminocarboxylates as well.^^'^*^ Therefore, 
it has been considered worthwhile to study the kinetics of 
oxidations of a few polyalkylene polyamines viz. diethylenetri— 
amine (Dien) , triethylenetetraamine (Trien) and tetraethylene- 
pentaamine (Tet) in order to obtain a better understanding for 
this class of reactions. Oxidation of trien by hexacyano— 
ferrate (III) has been reported by us before 

V.3 Materials and Methods 

Potassium hexacyanoferrate (III) (AR, SDS) , Diethylenetri- 

amine (Eastman Kodak, USA) , Triethylenetetraamine (AR, Fluka) , 

Tetraethylenepentaamine (AR, BDH, England) and Sodium cyanide 

(May and Baker, England) have been used for this study, Standardi- 

22 

sation of sodium cyanide is carried out argentometrically. 

Sodium hydroxide or perchloric acid has been used to maintain pH 
at any desired value. The pH meter is standardised with standard 
BDH buffers, potassium nitrate or sodium perchlorate (G.R., Sara- 
bhai, M.) is used to maintain the ionic strength. Triple distilled 
water has been used for the preparation of all solutions. 



177 


A Shimadzu double beam spectrophotometer model UV-240, 
fitted with a circulatory arrangement for thermos tating the cell 
compartment/ has been used for kinetic study and for recording 
the spectral changes. The temperature could be controlled to 
within + 0.1 c. An Elico digital pH meter model LI~l20 has been 
used for pH measurements . 

V .4 Kinetic Measurements 

The reaction between polyalkylenepolyamines (P) and hexa- 
cyanof errate (III) is followed at 420 nm (broad band of Fe(CN)g]^~, 
C = 1020 M ^cm at 30 + O.l^C. The other conditions for all 
the three reactions are pH = 10.5 + 0.02 and I = 0,1M(KN0^) . The 
reactions are studied under pseudo-first-order conditions ([p])^ 
[oxidant]) . Solutions of hexacyanof errate (III) and polyalkylene- 
polyamines [p] are equilibrated at the desired temperature for 
about 30 minutes before mixing. The ionic strength and pH are 
adjusted each time before equilibrating the reactants. 

The pseudo-first-order rate constants are calculated from 
plots of log versus time where refers to [K 2 Fe(CN)g] remain- 
ing at any time t. These rate constants are given in Table V.l. 
The dependence of pseudo—f irst-order rate constants on concen- 
trations of Dien/ Trien and Tet is shown in Fig. V.l. The absor^ 
bance changes are observed for at least 70/. of the reaction. 
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Table V.l. Evaluation of pseudo-first-order rate constants and 

overall second order rate constants for the reactions 
of [Fe(CN)g]^ with [p] » The reactions conditions are*- 


[PeCCN) 

g ] = 5.0 X 

-4 

10 M. pH=l 0.5+0. 02, temp. =3 0 + 0 . 1 °C 

and I = 

o.imCkno^) . 


[Dien]^10^,M 



5.0 

3.2 

6.4 

7 .5 

4.6 

6.1 

10.0 

7.3 

7 .3 

12.5 

8.3 

6.6 

15.0 

11.1 

7.4 



( av) = ( 6 .76+0 .51 ) xio"^ , 

[Trien]^,10^,M 

"^obs^io"' 

“1 , 1 —1 —1 
s k^,10 ,M "^s 

5.0 

0.9 

1.8 

7.5 

1 .3 

1 .7 

10.0 

1.8 

1.8 

12.5 

2.2 

1.8 

15.0 

2.6 

1.7 

k^(av) = (l .77+0.18) x10“^,m“^s~^ 

[Tet]^,10^,M 


—1 1 —1 —1 
s k^,10^,M -^s ^ 

5.0 

0.8 

1.6 

7-5 

1.4 

1.9 

10.0 

1.7 

1.7 

15-0 

2.6 

1.7 


k^(av)=(l .73+0.11)xlO ^ 



179 



-log [P] 


Fig.V.I The dependence Of pseudo-first-order 

rate constants on [p]. Reaction conditions 
are given in Table V.1 
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V.4.1 Dependence of reaction rate on pH 

The reactions have been studied over the pH range 8.5-11.85. 

The rate constants at various pH are reported in >Table V.2. 

A plot of log versus pH is shown for all the three systems 

in Fig. V.2. The species distribution of the three amines as a 

function of pH are given in Fig. V.3, Fig. V.4 and Fig. V.5. They 

have been calculated on a Dec— 10 computer using a programme 

23 

developed by Perrin and Sayce, The predominant species of the 
ligands in the pH range of interest are H 2 P^’^, HP'*' and P in vary- 
ing proportion. The protonation constants of different species 

24 

of all the three ligands are listed in Table V.3. In all the 
three cases it is seen that the reaction rate increases linearly 
with increase in pH and then levels off at pH^ll. Below pH 8.5 
the rate is found to be extremely slow. The rate can be expressed 
by equation (2) . 

Rate = k^[Pe(CN)g^“][p]^ (2) 

In equation (2) , the concentration term [p]^ includes unprotonated 
and protonated forms of P. In this pH range the hexacyanoferrate (III) 
exists as [Fe(CN)g]^~ only. The rate of oxidation of P by 
[FeCCN)-]^” is, therefore, given by equation (3). 
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Table V. 2. Effect of varying pH on the rate of reaction of 
[Fe(CN)g]^“ with P; [FeCCN)^"] = 5 x lo“'^M, 
temp. = 30 + 0.1°C and I = 0.1M(NaCl0. ) . 


[oien]^ = 1.0x10 


PH 


8.60 

5.85 

8.80 

6 .31 

9.50 

6.86 

9.75 

7.16 

10.0 

7.34 

10.5 

7.34 


[Trien]^ = 1.0x10 


pH 


8.5 

1 .35 

9 .0 

1.45 

9.5 

1.58 

10.0 

1.66 

10.5 

1 .79 

11 .0 

1.86 

11.85 

1.88 


5.85 
6.31 

6.86 
7.16 
7 .34 
7.34 


1 .35 
1.45 
1.58 
1 . 66 
1.79 
1.86 
1.88 


contd 
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Table 


[Tet]^ 


.2 (contd.) 


= 1.0x10 ^,M 


pH 


8.5 

1 .12 

9 .0 

1 .44 

9.5 

1.55 

10.0 

1 .66 

10.5 

1 .71 

11 .0 

1 .79 


kg, 10 ^ 



1.12 
1.44 
1.55 
1.66 
1 .71 


1.79 



obs 


m 


- log [Htl 



-log [h*] 


Fig.V.2 Effect of pH on the reaction of 

P with [Fc(CN) 0 J^” Reaction conditions 
arc given in Table V.2 
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Fig.V. 3 Species distribution of dien as a function of 




lOQ 



Fjg.V.5 Species distribution of Te 
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Table V,3. Protonation constants (log K„) of polyalky lene— 

o ^24 

polyamines at 25 C and I = O.lM(KCl) . 


Polyalky lene- 
polyamines 

HP 

CM 

X 

H3P 

H4P 

Dien 

9.79 

8.95 

4.22 

— 

Trien 

9.8 

9.08 

6.55 

3 .25 

Tet 

9.68 

9.10 

8.08 

4 ,72 


2.98 
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Rate = [Fe(CN)^“] (k^[p] + k2[HP'^] + k3[H2P^'*‘]) 

= [Fe(CN) 3 -]( k^[p] + k^K^LH-^JCp] + k3K^K2[H-"]^[p]) 

[Pe(CN)^ ][p]( + k2K^[H'^] + k^ K2 [h'*‘ ] ^ ) (3) 

where k^, k2 and k^ are rate constants due to P, HP^ and H2P^^ 
species respectively, while and K2 are the first and second 

protonation constants of P. comparing eqns.(2) and ( 3 ), eqn.(4) 
is obtained. 

[p]t 

= >^1 + 1'2KiLh+] + kjK^KjLH*]^ (4) 

[P]~ 

Where = 1 + K [h'^] + K.KJn^f- ( 5 ) 

[p] ..1 1 ^ 

4. O 

At pH > 10.0 the terms containing [h ] can be neglected. So 
equation ( 4 ) is simplified to equation (6) . 

k^ (1 + K^[h^] ) = k^ + k2K^[H'^] (6) 


In the higher pH region a plot of left hand side of equation (6) 
versus [h*''] is linear. The slope of this line gives the value of 
k 2 (l.e. the reaction rate between l_Fe(CN)gJ and HP ). The 
intercept of the linear plot gives the value of rate constant k^^ 
(i.e. the rate constant for reaction between [Fe(CN)g]^ and P). 
On transformation of equation (4) followed by taking logarithm 
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one gets equation (7) . 

= log (k^K^K^) + log [h’'"] (7) 

Plots of left hand side of equation ( 7 ) versus log [h”^] are found 
to be linear in all the three cases as shown in Fig. V.6, Fig.V.7 
and Fiv. V.8. The slopes of these lines are close to one and the 
intercept (log k 2 K^K 2 ) gives an estimated value of k^ . The rate 
constants k^, k 2 and k^ for all the three systems are given in 
Table V.4. It is observed that the rate (k^) below pH 8.5 is 
extremely slow in .all the three cases studied here. 

V .4 .2 Effect of Ionic strength on rate 

The effect of ionic strength on the reaction rate in the 
range 1= (0.1-0.35) M, is found to be negligible in each case 
as expected from the reaction of [Fe(CN)g] , a charged ion, with 
polyalky lenepolyamines an uncharged P existing at the chosen 
reaction conditions. 

V.4.3 Activation parameters 

Activation parameters for the reactions have been deter- 
mined from the Arrhenius plots in the temperature range 25-45°C 
and the values are listed in Table V.5. 




Fig.V. 6 


Plot of resolution of rate constants l,« 


Fe(CNr . ,Fc(CN)|. , ^ /«{CN)J. , 

kp (k|)^k|_|p^ (k2)>Qnd '^3'/ 

P=Dten,temp=30 iO.fC, UO.IM (KNO 3 ). 
Ax plot of eqn.( 6 ) and Bxplot of cqn.(7). 













192 


[hf] X 10^^ 



Fig.V.8 Plot of resolution of rate constants I.e. 

^FcttN)|- (i,^) ana kP«(gJ)6.0<3). I 

P = Tet, tcmp.= 30i0.1°C,U0.1M (KNO3). 

^ . 1 ; 

A=plot of cqn.(6) and B = plot of 2qn.(7), j 


01 X (M^M + 1) 
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Fe (CN) 


3- 


Table V.4. Resolution of rate constants viz. k_ 


(k^). 


Fe(CN)g” Fe(CN)g” 

k (k^) and k 04 . "the reaction 

HP H 2 P ^ 

of polyalkylenepolyamines (P) with hexacyano— 

ferrate (III) . 


Polyalkylenepolyamines 

k^, M 

k2, m“^s ^ 

kj. M ^ 

Dien 

7.3xlO~^ 

6.9xl0“^ 

5,8x10*”^’^ 

Trien 

1.9x10'"^ 

1 . 6 x 10 “^ 

—14 

7.4x10 ^ 

Tet 

1 . 8 x 10 “^ 

1 .5x1 0 "^ 

5.2xl0“^^ 


Tet 
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Table V. 5. Activation parameters . for the reaction of 

O mmm 

polyalky lenepolyamines with [Pe(CN)g]'^ 


Polyalky lenepolyamines 

ah'*' (kJ 

mol 

as'^'Cjk ^mol 

Dien 

41.7 + 

1.7 

-286 + 2 

Trien 

39 + 

2.8 

-298 + 3 

Tet 

16 + 

1.1 

-259 + 2 
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V.4.4 Determination of stoichiometry 

A known excess of [Pe(CN)gj^ is added to a known <juantity 
of polyalkylenepolyamine and the absorbance change at '420 nm (X 

max 

of [pe(CN)g]^ , ^ 1020 M ^cra is determined after no further 

change in absorbance is observed 4 days when the reaction is 
almost complete). In all the three cases, ratio of moles of ferri- 
cyanide per mole of polyamine (s) is found to i:i. The pH of the 
reaction mixtures is kept at 10.5 and temp, at 20 + 0.1°C. The 
reaction may, therefore, be written as 

[Pe(CN)g]^ + P — [pe(CN)^]'^ + Oxidation 

Products of P (8) 

V.5 Discussion 

The kinetic data given in Table V.l are consistent with 

the interaction of polyalkylenepolyamine (P) with hexacyano- 

ferrate(IIl) in a bimolecular step. The reactions are found to be 

first order each in [Pe(CN)g^’"] and [p], second order overall. 

-2 

The presence of cyanide in the concentration range 2.2 x 10 to 
5,0 X lO^^M does not affect the forward rate within limits of 
experimental error, ruling out the possibility of prior dissociat- 
ion of hexacyanoferrate(lll) . 
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As the reactions are mainly between a charged [FeCCN)^]^ 
and an uncharged species P at pH close to 10,5 the rates are 
expected to be independent of ionic strength as has been verified 
experimentally (vide infra) . 

The spectral changes during typical kinetic runs for all 
the three systems, are shown in Fig, V.9, Fig, V.IO and Fig, V,ll. 
The general behaviour of the reaction of all the three amines 
are found to be similar. There is a continuous decrease in the 
peak height at 420 nm and 303 nm due to fall in concentration of 
hexacyanoferrate(IIl) . Hexacyanoferrate (II) exhibits weak absorpt-' 
ion bands at 322 and 260 nm, but these could not be observed because 
they get lost in the shoulder and peak of hexacyanoferrate (III) at 
325 and 262 nm respectively. An isosbestic point at 281 nm indi- 
cates the coexistence of two species, viz, [Fe(CN)g]^''and -[Fe(CN)g]^*“ 

during the reaction. Two specific tests for hexacyanoferrate (II) 

25 25 

viz. the ammonium molybdate and the thorixim nitrate tests 
confirm the formation of [Fe(CN)g]^ as one of the reaction products 
The absence of any new peak points to the fact that no reaction 
intermediate (s) is/are present in detectable concentration. The 
absorption peaks of other oxidation products possibly could have 
been seen in the UV region, but can not be located because both 
[Fe(CN)g]^’~ and polyamines also absorb strongly in the same region. 
The identification of oxidation products of polyalky lenepolyamine 
has not been possible because, their separation and isolation have 
not been successful in spite of considerable effort. 
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during a kinetic run j[Fc(CN)^“]=5x iff^M 
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Fig. V. 10 Repetitive scans of the reaction mixture 
during a kinetic run:[Fe(CN)i^^=5xl6^M, 
[Tricn]=10^M,pH=10.5 ,I=0.1M(KN03) and 
temp. = 27 + 0.1°C. 
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Finally, the results on oxidations of polyalkylenepoly- 
axnines presented here point to an outer“sphere electron transfer 
from hexacyanoferrate (III) to polyalkylenepolyamines (P) in a 
bimolecular step. In the chosen conditions, the reactants are 
[Fe(CN)g]^ on the one hand and P, and on the other 

depending upon the pH of the medium. The respective rate cons- 
tants have been resolved (Table V.4). The highly negative values 
of entropy (as ) in all the three cases (Table V.5) show that 
the activated complex, obtained in the bimolecular step is, 
probably, highly charged. The low values of is also noti- 

ceable because no bond breaking appears to take place during 
the course of these reactions. 

It may be interesting to recall the results of some oxi— 

4 

dation studies on amines reported earlier. Pd^^, Au^^ and 

11 

diphenylselenic anhydride oxidise primary amines to corres- 
ponding ketones depending on the reaction conditions. Oxidation 
of [ (R.CH 2 -CH 2 ) 2 NH* R=Et or Pr] by peroxydisulphate under differ- 
ent reaction conditions produce amides, oximes, nitriles, aldehy- 

5 . 9 10 

dea and simpler amines as oxidation products. N-oxide, * 

Of. Qo 

imines,"^® and amides ' and polymeric species have been reported 

to be the oxidation products of the corresponding amines. The 

oxidation products of aminocarboxylates viz. EDTA and EGTA have 

19 

been found to be CO 2 . NH^, glycollic acid and the lower amines.. 
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SUMMARY 


The first chapter gives a brief literature survey of* 
ligand substitution reactions on Fe(IIl), Mn(III) and i;d(II) 
centres^ Sxibstitution reactions involving other inetal ions viz • 

Au(l) ^ Pt(ll) and Tc(lll) have been cited for coinparison wherever 
needed • 

The second chapter deals with the substitution reactions 
between Pe(lll) complexes of aminocarboxylates (HPDTA and HIDA) 
and the cyanide ions. Kinetic data are analysed. The reaction 
is found to occur in three stages. First is the formation of 
[Fe(CN)^OH]^ from [FeL(OH)^ complexes , second is the conver- 
sion of [Fe(CN)^OH]^“ to [Fe(CN)g]^” and third is the reduction 
of [Fe(CN]gl^ to [Fe(CN)g]^ by the respective ligands released 
in the first stage. A five step mechanism is proposed for the 
first stage of the reaction. Besides this/ a linear free energy 
relationship between stepwise rate constants and the respective 
overall stability constants of the intermediates reacting in these 
steps has Iseen eatabU'sfiEol . 

The third chapter gives a comprehensive report on the 
substitution reactions of aminocarboxylates (CYDTA.HEDTA and EDTA) 
coraplexed to Mn(IIl) centre by the cyanide ions. A reinvesti- 
gation of the MnCTOTA-CN"" system studied by some other workers is 
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carried out. A six step mechanism is proposed for all the three 
cases for the formation of hexacyanomanganate(lll) from amino— 
carboxylatomanganate (III) complexes. The penultimate step is 
rate determining. 

The fourth chapter reveals the result of the investigation 
of reactions of aminocarboxylatopalladate (II) with cyanide ions 
where aminocarboxylates are EDTA and IDA, A four step mechanism 
is proposed for the formation of tetracyanopalladate(Il) from 
monoarainocarboxylatopalladate (II) complexes tentatively. 

The fifth chapter is a side line of the work embodied in 
the second chapter. It deals with the oxidation kinetics of 
reactions of polyalkylenepolyamines with hexacyanoferrate(IIl) . 
The kinetic data are analysed. 



SUGGESTIONS FOR FURTHER WORK 

Ligand substitution reactions are important in many ways. 
The present investigation underlines the mechanistic pathways of 
this class of reaction. The mechanism are characterised by a 
multistep substitution in four, five and six steps for Ni(II), 
Pe(IIl) and Mn (III) complexes respectively. Few suggestions for 
further investigations are given below: 

1 . Study of kinetics and mechanism of substitution reaction (s) 

T T T T T T 

(i) -between Fe2 L and Pe L2 (L = aminocarboxylates) 
and cyanide ions. 

(ii) -of aminocarboxylatoruthenate (III) complexes with cyanide 

ion and , comparison of the data with that of correspond- 
ing Fe(IIl) complexes. 

(iii) -on aminocarboxylates complexed to Mn(III) by cyanide 
ions for confirmation of the Mn(IIl) chemistry in 
solution . 

(iv) —on aminocarboxylates complexed to Pd (II) and Pt(II) by 
cyanide ions and comparison of the data for the triads. 

(v) —between ML* (M = Pe(IIl), Mn(IIl), Pd (II) and Pt(II) 
and h*~ polyalky lenepolyamines) and cyanide ions. 

(vi) -of formation of octacyanomolybdate (VI) and octacyano- 

tungstate (VI) from their complexes of aminopolycarboxy- 


lates . 
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2 . Study of kinetics and mechanism of all these above class 
of reactions in micellar media and comparison of the data 
with that of in aqueous media. 

3. Use of the data (obtained from ligand substitution reactions) 
to propose a theoretical model for the same. 

4. Study of some faster reactions by T— jump and P— jump 
techniques. 



